
US 2005OO96847A1 

(19) United States 
(12) Patent Application Publication (10) Pub. No.: US 2005/0096847 A1 

Huang (43) Pub. Date: May 5, 2005 

(54) METHODS FOR MODELING, DESIGNING, Related U.S. Application Data 
AND OPTIMIZING THE PERFORMANCE OF 
DRILLING TOOLASSEMBLIES (63) Continuation-in-part of application No. 09/689,299, 

filed on Oct. 11, 2000, now Pat. No. 6,785,641. 

(75) Inventor: Sujian Huang. The Woodlands, TX (60) Provisional application No. 60/485,642, filed on Jul. 
(US) 9, 2003. 

Publication Classification 

Correspondence Address: (51) Int. Cl. ................................................... GO1V 1/40 
OSHA & MAY L.L.P. (52) U.S. Cl. .................................................................. 702/9 
1221 MCKINNEY STREET 
SUTE 2800 (57) ABSTRACT 
HOUSTON, TX 77010 (US 

9 (US) A method for designing a drilling tool assembly, having a 
drill bit disposed at one end includes defining initial drilling 

(73) Assignee: Smith International, Inc., Houston, TX tool assembly design parameters, calculating a dynamic 
response of the drilling tool assembly; adjusting a value of 

(21) Appl. No.: 10/888,446 a drilling tool assembly design parameter; and repeating the 
calculating and the adjusting until a drilling tool assembly 

(22) Filed: Jul. 9, 2004 performance parameter is optimized. 

START 

INPUTDATA CHARACTERIZING 
A DRILLING OPERATION 

102 

104 
CONSTRUCT MECHANICS AWALYSIS 

MODEL FOR THE DRILLING 
TOOLASSEMBLY 

106 
USE MECHANICSAWAYLYSIS MODELTO 

DETERMINE INITIAL STATIC STATE OF DRILLING 
TOOLASSEMBLY IN DRILLINGENVIROMENT 

108 
SOLVE FOR DYNAMIC RESPONSE OF THE 
DRILLING TOOLASSEMBLY TO DRILLING 
OPERATION PARAMETERS USING THE 

MECHANICS ANALYSIS MODEL 

110 
OUTPUTDATA CHARACTERIZING THE 

PERFORMANCE OF THE DRILLING TOOL 
ASSEMBLY DURING THE DRILLING OPERATION 

  

    

    

  



US 2005/0096847 A1 

- 10 

Patent Application Publication May 5, 2005 Sheet 1 of 36 

20 

FIG. 1 
(Prior Art) 

  

  

  

  

  

  



Patent Application Publication May 5, 2005 Sheet 2 of 36 US 2005/0096847 A1 

FIG. 2 
(Prior Art) 

  



Patent Application Publication May 5, 2005 Sheet 3 of 36 US 2005/0096847 A1 

FIG. 3 
(Prior Art) 

  



Patent Application Publication May 5, 2005 Sheet 4 of 36 US 2005/0096847 A1 

START 

INPUT DATA CHARACTERIZING 

102 

A DRILLING OPERATION 

104 
CONSTRUCT MECHANICS ANALYSIS 

MODEL FOR THE DRILLING 
TOOLASSEMBLY 

106 
USE MECHANICS AWAYLYSIS MODELTO 

DETERMINE INITIAL STATIC STATE OF DRILLING 
TOOLASSEMBLY IN DRILLING ENVIROMENT 

108 
SOLVE FOR DYNAMIC RESPONSE OF THE 
DRILLING TOOLASSEMBLY TO DRILLING 
OPERATION PARAMETERS USING THE 

MECHANICS ANALYSIS MODEL 

110 
OUTPUT DATA CHARACTERIZING THE 

PERFORMANCE OF THE DRILLING TOOL 
ASSEMBLY DURING THE DRILLING OPERATION 

END 

FIG. 4 

    

  



Patent Application Publication May 5, 2005 Sheet 5 of 36 US 2005/0096847 A1 

120 

SOLVE MECHANICS AWALYSIS MODEL 
FOR RESPONSE TO INCREMENTAL 

ROIATION UNDERCURRENT LOADING 
CONDITION 

122 

DETERMINING LOADS ON DRILLING 
TOOLASSEMBLYDUE TO INTERACTION 
BETWEEN DRILLING TOOLASSEMBLY 
AND ENVIRONMENT DURING THE 

INCREMENTAL ROTATION BASED ON 
SOLVING RESPONSE OBTAINED 
116 Q 

124 S 
RESOLVE FOR THE DRILLING TOOL S 
ASSEMBLY RESPONSE UNDER S& 

NEWLOADS s 
S 
s 
C 

RESPONSE 
COWWERGENCE 

CRITERION 
SATISFIED 

2 

NEXT 
INCREMENTAL 
ROTATION 

FIG.5 

    

  

    

  

  

      

  

      

  

  

  

  

  

  





Patent Application Publication May 5, 2005 Sheet 7 of 36 US 2005/0096847 A1 

1200 
202 i INITIAL (-) 

CONDITIONS 214 
INPUT DRILL STRING, BHAINFO: 
- LENGTH, ID, OD, WEIGHT IN DRILLING 
FLUIDS OF DRILL STRINGS, COLLARS, ETC. 
- LENGTH, ID, OD, WEIGHT IN DRILLING 
FLUIDS OF SIABILIZERS AND THEIR 

CREATE ELEMENT MASS MATRIX AND 
ASSEMBLE TO OBTAIN MASS MATRIX FOR 

THE WHOLE SYSTEM 

212 
CONSTRUCT MECHANCSANALYSIS 
MODEL FOR DRILLSTRING/BHA SYSTEM, 

LOCATIONS 
- LENGTH, ID, OD, WEIGHT IN DRILLING 
FLUIDS OF OTHER DOWNHOLE TOOLS, IE 
MWD, LWD TOOLS BENTHOUSING 
DOWNHOLE MOTOR, ETC. 

202 
INPUT FIXED CUTIERDRILL BITINFO: 
- BITTYPE AND SIZE 
- PROFILES FORCUTTING STRUCTURE, 
CUTTINGELEMENT LOCATIONS AND 
ORIENTATIONS (RADAL AND ANGULAR 
POSITIONS, HEIGHT, PROFILE ANGLE, BACK 

FOR EXAMPLE BYUSING FINITEELEMENT: 
- DEFINEAN ARBITRARY INITIAL STATE FOR 
DRILLSTRING/BHASYSTEMAS REFERENCE 
- D/WIDE THE WHOLE SYSTEM INTON 
ELEMENTS WISPECIFIED ELEMENT 
DIMENSIONS 
- CALCULAIESIATIC LOAD VECTORFOR 
EACHELEMENT DUE TO GRAVITY 
- ASSEMBLE THEELEMENTSTIFFNESS 
MATRIX FOR THE WHOLE SYSTEM 

1 

1 
l 

l 

I 

l 

RAKE AND SIDE RAKE ANGLES, ETC) 206 

STIMULATION REVOLUTIONS OR TOTAL TIME 

INPUT HOLE WELL INFORMATION 206 
- HOLE DEPTHS 
- HOLE DIAMETERS INPUT LOADAIOPOEDRILL STRING 
- INCLINATION ANGLESAT DIFFERENT ORROP 
DEPTHS 
AZIMUTH DIRECTIONAL ANGLES AT 208- ------------- F. 

DIFFERENT DEPTHS INPUT IMPACTAND DAMPING 
- BOTTOMHOLE INITIAL GEOMETRY CHARACTERIZATION: 

208 - DRILL STRING/BHA AND FORMATION WELL 
IMPACT MODEL AND PARAMETERS 

INPUTCUTTINGELEMENT/EARTH FORMATION - BIT BODY AND FORMATION WALLIMPACT 
INTERACTION DATA MODEL AND PARAMETERS 
CUTTING ELEMENT WEAR DATA AND - WISCOUSDAMPING PARAMETERS OF 
PARAMETERS DRILLING FLUIDS 
BLADEFORMATION & BIT BODY FORMATION - FRICTION PARAMETERS OF DRILL STRING/ 
INTERACTION DATA BHA AND WELL INTERACTION 

FIG. 7A-1 

  

  

  



Patent Application Publication May 5, 2005 Sheet 8 of 36 US 2005/0096847 A1 

(4-3 
216 
CREATEELEMENT DAMPING MATRIX AND 
ASSEMBLE TO OBIAN DAMPING MATRIX 

FOR THE WHOLE SYSTEM 

218 
CREATE DRILL BITANALYSIS MODEL 

|- MESHCUITINGELEMENTS 
S 

- MESH BLADES & BIT BODY 
- ESTABLISH RELATIONSHIPS (COORDINATE 
SYSTEM TRANSFORMATION) TO ASSEMBLE 
CUTTINGELEMENTS TO BITAND BIT TO TIP 
OF BHA 

CONSTRUCT THE HOLE WELL TRAJECTORY 
BASED ON DEPTHS, DIAMETERS, INCLINATION 
AND DIRECTIONAL ANGLES FOR EXAMPLE: 
BY CUBC B-SPLINES OR OTHER MEANS 

222 228 
CREATE HOLE BOTTOM (MESH) USING BIT CALCULATE THE CONSTRAINT FORCES ON 

GEOMETRY-1MM EACH MODE BYUSING GLOBAL STIFFINESS 
224 MATRIX 

CREATE HOLE WALL CONSTRAINTS (MESH) 230 
USING BIT GEOMETRY-1MM APPLY LOAD VECTOR. INTRODUCE HOLE 

226 BOTTOM CONSTRAINT FORBITAT THE 
LOWEST NODE OF THE DRILLSTRING/BHA FORCE THE DRILLSTRING/BHAONTO THE 

CENTER LINE OF THE HOLE WELL PATH BY SYSTEM. INTRODUCE HOLE WALL 
CONSTRAINTS FOR DRILLSTRING/BHA 

SYSTEM 
MOWING AND FIXING ALL THE WODES 

ONTO THE CENTER LINE 

FIG 7A-2 

    

  



Patent Application Publication May 5, 2005 Sheet 9 of 36 

D TIME INCREMENTSTER FORSPECIFIED DELIA 
t, DOTIME=TIME-DELTAt 

C 

UPDATE LOOP 
285 

232 

THE WODES 

EQUILIBRIUMPROCESS 

234 
STATIC STATE OF THE SYSTEM, INCLUDING 
POSITION OF THE DRILLSTRING, BHA, BIT 
INTERNAL FORCES. MOMENT,CONTACT 

FORCES. WOB, IS USED AS THE STARTING 

- RELEASE THE DRILLSTRING/BHA/BIT 
SYSTEM FOR HOLE WELL CENTER LINEBY 
RELEASING CONSTRAINT FORCES ON ALL 

- APPLY GRAVITATIONAL FORCE WECTOR 
- DETERMINE THE STATIC EQUILIBRIUM 
POSITION OF THE SYSTEM WITHIN THE HOLE 
WELL UNDER THE ABOVE LOADS, DETERMINE 
THE CONTRACT POINTS AND CONTACT 
FORCES AND FRCTION FORCES, INCLUDING 
STATIC WOB THROUGH ITERATIVE 

POINT OF DYNAMICANALYSIS 

247 

242 
BASED ON SPECIFIED ROTARYIABLE SPEED, 
CALCULATE INCREMENT ROTATION ANGLE 
FOR TOPMOST NODE THEIA =THEIA 

RPMXDELTA 160 

244 
CALCULATE THE SYSTEM'S NEW 

CONFIGURATION/POSITION UNDER CURRENT 
RESPONSE --|LOADS BYUSINGDIRECTINTEGRATION SCHEME 

FOR THE DYNAMIC EQUILIBRIUM EQUATIONS 
(NEWTON'S SECOND LAW OF MOTION) 

FIG. 7B-1 

NODESAGAINST 
HOLE WALL 
ISIT OUT OF 

USE IMPACT MODEL 
CALCULATE 

IMPACTIFRICTION 
NODAL FORCES, UPDATE 
GLOBAL FORCE WECTOR 

US 2005/0096847 A1 

248 

S 

  

  

  

  

  

  

  

    

    

  

  

  

    

  



Patent Application Publication May 5, 2005 Sheet 10 of 36 US 2005/0096847 A1 

6 YES BITINTERACTION 

262 AREANY g 
BLADE/BODY NODES 
IN CONTACT WITH 

FORMATION 

259 264 
MODIFY CUTTING ELEMENT SHAPE BY 
USING THE WEAR RESULTS TO FORM 
WORN CUTTING ELEMENTS FOR 

NEXT CALCULATIONS 

CALCULATE CONTACTAREA, DEPTH OF 
CUT AND FORCES DUE TO CONTACT 

258 SUM FORCES ON EACH BLADE 
CALCULATE CUTTINGELEMENT 

WEAR BASED ON THE FORCES ON THE 278 
CALCULATE THE BIT FORCE FROM 

BLADE FORCES, CALCULATEDYNAMIC 
256 WOB. 

CALCULATE FORCES ON CUTTING 279 
ELEMENTS 

254 UPDATE LOAD VECTOR 

EWALUATE CUT INGELEMENT 280 
LOCATIONS RELATIVE TOBOTTOM HOLE 

CUT INGELEMENTS AND WEAR DATA 

RECALCULATE THE WHOLE SYSTEMS 

CALCULATE CUT INGELEMENT 
LOCATIONS BASED ON BIT ROTATION 
AND CUTTINGELEMENT GEOMETRICAL 
LOCATIONS AND ORIENTATIONS ON BIT 

249 
ROTATE THE BITAROUND ITSAXS TO 
THE NEWANGLE CALCULATED FROM 
DYNAMIC EQUILIBRIUMEQUATIONS 
FOR THE LOWEST WODE AND MOVE 
IHE BIT LATERALIYAND WERTICALLY 
TO THE NEWPOSITIONED OBTAINED 
FROM THE SAME CALCULATION 

AND CALCULATE DEPTH OF CUI. POSITION/CONFIGURATION USING 
CONTACTAREA, CONTACTEDGE LENGTH NEWLOAD VECTORAND DYNAMIC B 
252 EOULIBRIUM EOUATION 

  

  

  

  

  

  



Patent Application Publication May 5, 2005 Sheet 11 of 36 US 2005/0096847 A1 

RESPONSE 284 
THE NEWPOSITION. UPDATE LOOP RECALCULATE BIT FORCE 

285 C BASED ONNEWPOSITION, IS THIS THE SAMEAS 
UPDATE GLOBAL WECTOR THOSE Ostained INA 

YES 

UPDATE THE HOLE 
BOTTOMPERMANENTLY 

288 

286 

OUTPUT NEWPOSITION, BIT 
FORCES, BLADE FORCES, 
CUTTINGELEMENT FORCES 
DISPLACEMENT, VELOCITY 
ATALL NODES, IMPACT & 
FRICTION FORCES ON 

DRILLSTRING, BHA, ETC. 

290 
HAS 

SIMULATION ENDING 
CONDITION BEEN 

REACHED 
2 

294 
PROVIDE OUTPUT DATA FOR 
SELECTIVELY GENERATING 
GRAPHICAL DISPLAYS 
OFDRILLING TOOL 

ASSEMBLY PERFORMANCE 
DURING SIMULATION. 

FIG. 70 

  

    

  

  

    

  

    

  



Patent Application Publication May 5, 2005 Sheet 12 of 36 US 2005/0096847 A1 

START 

300 
SELECTINITIAL INPUT 

PARAMETERS 

310 

SIMULATEDYNAMIC 
RESPONSE OF DRILLING 

TOOLASSEMBLY 

320 

ADJUSTAT LEAST ONE 
DRILLING TOOL 

ASSEMBLY PARAMETER 

REPEAT SIMULATION FOR 
ADJUSTED DRILLING 
TOOLASSEMBLY 

EVALUATE 
CHANGE INAT 

LEAST ONE DRILLING 
PERFORMANCE 
PARAMETER 

2 

OPTIMAL VALUE 
DETERMINED 

FIG. 8 

  

    

    

    

  

    

    

  

    

  

  

  

  

  

  

  



Patent Application Publication May 5, 2005 Sheet 13 of 36 US 2005/0096847 A1 

START 

400 402 404 

INTIAL DRILLING TOOLASSEMBLY INITIAL DRILLING 
SELECT DESIGN PARAMETERS EWVIRONMENT PARAMETERS 
SySTEM H OD 

PARAMETERS DRILLIOOLASSEMBLY7 
ENVIRONMENT INTERACTION DEFENG 

PARAMETERS 

408 406 
CONSTRUCT MECHANICSANALYSIS 412 

MODEL 

414 
DEFINE SYSTEM CONSTRAINTS 

SIMULATION 
DETERMINE INITIAL STATIC CONDITION 1-416 471 

OFDRILLING TOOLASSEMBLY 

SIMULATEDYNAMIC RESPONSE OF 418 
DRILLING TOOLASSEMBLY 

422 
EWALUATE 

DRILLING PERFORMANCE 
PARAMETER(S) 
OPTIMIZED 

YES 

END 

TERMINATION 
OPTIMIZATION 

PEG ADJUSTAT LEASTONE DRILLING 426 
410 TOOLASSEMBLY PARAMETER FIG. 9 

BASED ON EVALUATION 

  

  

  

    

    

    

  

  

  

      

  

  

  



Patent Application Publication May 5, 2005 Sheet 14 of 36 US 2005/0096847 A1 

START 

SELECTINITIAL INPUT 
PARAMETERS 

SIMULATEDYNAMIC 
RESPONSE OF DRILLING 

TOOLASSEMBLY 

500 

510 

520 
ADJUSTAT LEAST ONE 
DRILLING OPERATING 

PARAMETER 

REPEATSIMULATION FOR 
ADJUSTED DRILLING 
TOOLASSEMBLY 

EWALUATE 
CHANGE INAT 

LEASTONEDRILLINGYN0 
PERFORMANCE 
PARAMETER 

OPTIMAL VALUE 
DETERMINED 

FIG 10 

  

  

    

  

    

    

  

      

  

  

  

  

  

    

  



Patent Application Publication May 5, 2005 Sheet 15 of 36 US 2005/0096847 A1 

START 

600 602 604 

INITIAL DRILLING TOOLASSEMBLY INITIAL DRILLING 
SELECT DESIGN PARAMETERS ENVIRONMENT PARAMETERS 
SYSTEM O 

EEs DRILLIOOLASSEMBLY 
EWVIRONMENT INTERACTION 

PARAMETERS 

DRILLING OPERATING 
PARAMETERS 

608 CONSTRUCT MECHANICS ANALYSIS 612 606 
MODEL 

DEFINE SYSTEM CONSTRAINTS 614 

DETERMINE INITIAL STATIC CONDITION 616 
OFDRILLING TOOLASSEMBLY 

SIMULATEDYNAMIC RESPONSE OF 618 
DRILLING TOOLASSEMBLY 

622 
EVALUATE 

DRILLING PERFORMANCE 
PARAMETER(S) 
OPTIMIZED 

YES 

END 

DESIGN 
LOOP 
610 

ADJUSTAT LEAST ONE DRILLING 626 
OPERATING PARAMETER 
BASED ON EVALUATION FIG 11 

  

  

  

    

    

  

  



Patent Application Publication May 5, 2005 Sheet 16 of 36 US 2005/0096847 A1 

E. 3DDRILL STRING-064 MGR69 
COMMAND WEWS OBJECTS FORCES OPTIONS HELP 
M. DEPTH 

(FT) 
2400 

MAX LOAD 
2560 (KLBF) 

O 50.0 100.0 150.0 

OAXALF (KLBF) o TORQUE (KLBF-IN) O FCR (KLBF) 
ORIGIN 

FIG. 12 

  



Patent Application Publication May 5, 2005 Sheet 17 of 36 US 2005/0096847 A1 

E FORMATION PARAMS o 

FORMATION LAYERS INHOMOGENEOUS 

USENHOMOGENEOUS 

INHOMOGENEOUS SIZE(INCH) |O.2500 
COVERAGE PERCENT(%) 15.00 
MULTIPLER 

FIG. 13 

  



Patent Application Publication May 5, 2005 Sheet 18 of 36 US 2005/0096847 A1 

3D BOTTOMHOLE PROFILE-084MGR69 
FILE OPTIONS 

FIG. 14 

  



Patent Application Publication May 5, 2005 Sheet 19 of 36 US 2005/0096847 A1 

E. 
COMMAND WEW 

ROT ANGEL (REV) 
9.035 
CUTF (LBF) 
4560.61 
IMPF (LBF) 
253.24 
FRI.F(LBF) 

USE SHIFT-- UP/DOWN ARROW 

FIG. 15A 

  



Patent Application Publication May 5, 2005 Sheet 20 of 36 US 2005/0096847 A1 

E DRILLSTRING DEFORMATION ONX-Y/X-ZPLANE-064 MGR69 do 
COMMAND VIEW HELP 

DRILL STRING 4000.0 FT 
8FIMI H. III 

38 IE 
s H. a. 
g 

RADIUSoo 375.0. 7500 1125.0 1500.0 1875.0 2250.0 2625.0 3000.0 3375.0 37500 
(IN) 
(Fig. DRILL STRING DEFORMATION 

.150 

-100 LATERAL (Y) DISPLACEMENT -00 

-0.50 -0.50 

0.00 0.00 

O.50 0.50 

150 50 
(RIGHT) 00 375.0 7500 1125.0 1500.0 18750 22500 2625.0 3000.0 3375.0 37500 (HIGH) 

-50 LATERAL (Z) DISPLACEMENT -150 
-100 -100 

O.50 -0.50 

-50 150 

-100 LATERAL (Y) DISPLACEMENT 
-0.50 

O.00 

0.50 

F.G. 15B 

  



Patent Application Publication May 5, 2005 Sheet 21 of 36 US 2005/0096847 A1 

COMMAND OPTIONS 
RUNDRILLINGSTOP DRILLING 50 

FIG. 16A 

  



US 2005/0096847 A1 

00’9 - 00'9 000’0||0001 
0079 00'9 000 9 0009|| 

May 5, 2005 Sheet 22 of 36 

????T?J?T?TITUTÒTILIZ?JITN?JITJOTINJONIZ? HIÐNEHISYOO HEST) SEO JOHAIO (WTD WHOH XOOH ESn) SWEDIG) 

Patent Application Publication 

  



US 2005/0096847 A1 

-----------a---- ----------------- 
A 
O 

|- I-I-T-•92'6/96 967 JIH 

Patent Application Publication May 5, 2005 Sheet 23 of 36 

  



US 2005/0096847 A1 

EdWHS HHH10O (WIN'WIC) HELLITO HVIT OH10O 

(030)3T0NW TENEG 

May 5, 2005 Sheet 24 of 36 

SEOWT8 JO "WITIN (SGT) SSWW.LIG 

Patent Application Publication 

  



US 2005/0096847 A1 May 5, 2005 Sheet 25 of 36 

- | BS\/0 TWIN HON ||9 08 

Patent Application Publication 

00000'0 000’0 000’0 0009 00’02|| 9978882 #7/'6666 
| 3SWO TWIN HON 

  



US 2005/0096847 A1 May 5, 2005 Sheet 26 of 36 

WEHV 1WTH HWENNO WEHV 100@ 

HOWTg HOH SHELLITO TTV O || 50803 BQV18l0ldO 113 JOJ SJELLI: TTW @||3080H BEI 1/1010'ldO 

A I?TEKINOIKEITE?STVEIMUNYIWIWICKI] 

Patent Application Publication 

  



Patent Application Publication May 5, 2005 Sheet 27 of 36 US 2005/0096847 A1 

E. UTTERS CUT, NORMAL CASE 
FILE VIEW BLADES BLADE1 BLADE2 BLADE3 BLADE4 

0. 

FIG. 160 

  



Patent Application Publication May 5, 2005 Sheet 28 of 36 

E BOX & WISKER PLOT FOR CUTTER FORCE-122 M67 go 
COMMAND VIEW SELECTION 

w m w w w -w- am a sma mas 

B1-C22 
CUTTER FORCE (LBF)/FR(RADIAL)/SINGLE CUTTER B1-C22 

FIG. 17 

US 2005/0096847 A1 

    

  

    

  



Patent Application Publication May 5, 2005 Sheet 29 of 36 US 2005/0096847 A1 

E. SPECTRUMPLOT FOR CUT AREA & DEPTH-122 M67 D 
COMMAND VEW SELECTION CHART 

0.012 0.014 0.015 0.07 0.019 0.021 0.023 O.024 O.026 0.028 
CUT AREA (N2)/ AREA/SINGLE CUTTERB5-C12 

FIG. 18 

  



Patent Application Publication May 5, 2005 Sheet 30 of 36 US 2005/0096847 A1 

E. SPECTRUMPLOT FORBITUNBALANCED FORCE-122 M67 o 
COMMAND VIEW SELECTION CHART 

108.0 
BETA ANGLE (DEG) 

  



Patent Application Publication May 5, 2005 Sheet 31 of 36 US 2005/0096847 A1 

SPECTRUM PLOT FORBITWOB-122 M67 
COMMAND VIEW SELECTION CHART 

1600 2400 3200 
BITLATERAL FORCE (LBF) 

FIG. 20 

  



Patent Application Publication May 5, 2005 Sheet 32 of 36 US 2005/0096847 A1 

El SPECTRUM PLOT FOR TORQUE & UNBALANCEDRATIO-122 M67 
COMMAND VIEW SELECTION CHART 

7500 8400 9300 10200 
BIT TORQUE (LBF-FT) 

FIG. 21 

  



US 2005/0096847 A1 

(III). 
? ? ? ? ? ??| || || ||| 

| M''|\"| ||||||||||||||||||||||| ±|||||||||||||||||||||||||| 6980 WT980- I'GWTLIG HOHLOTd A801SH 

Patent Application Publication May 5, 2005 Sheet 33 of 36 
  



Patent Application Publication May 5, 2005 Sheet 34 of 36 US 2005/0096847 A1 

O) 
d 

CD 
s 
r 
o 
c 
CD 

O 

C 
CD 
? 
O 

He 
O 
- 
a 
D 

O 
H 
CVO 

  



Patent Application Publication May 5, 2005 Sheet 35 of 36 US 2005/0096847 A1 

o 
CO 

CO 
s 
s 
co 
CP 
y 

s 
- 

H 

O 
U 

He 
O 
- 
C 
C 
OC 
O 
H 
A. 

  





US 2005/0096847 A1 

METHODS FOR MODELING, DESIGNING, AND 
OPTIMIZING THE PERFORMANCE OF 

DRILLING TOOLASSEMBLIES 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001) This application claims the benefit under 35 U.S.C. 
S 120 as a continuation-in-part of U.S. application Ser. No. 
09/689,299, filed Oct. 11, 2000 and titled “Simulating the 
Dynamic Response of a Drilling Tool Assembly and Its 
Application to Drilling Tool Assembly Design Optimization 
and Drilling Performance Optimization,” which is incorpo 
rated herein by reference in its entirety. This application also 
claims the benefit under 35 U.S.C. S119(e) of U.S. Provi 
sional Application No. 60/485,642, filed Jul. 9, 2003 and 
titled “Methods for Modeling, Designing, and Optimizing 
Fixed Cutter Bits,” which is also incorporated herein by 
reference in its entirety. 
0002 Further, U.S. patent application entitled “Methods 
For Modeling, Displaying, Designing, And Optimizing 
Fixed Cutter Bits,” filed on Jul. 9, 2004, U.S. patent appli 
cation entitled “Methods for Designing Fixed Cutter Bits 
and Bits Made Using Such Methods,” filed on Jul. 9, 2004, 
and U.S. patent application entitled “Methods For Modeling 
Wear Of Fixed Cutter Bits And For Designing And Opti 
mizing Fixed Cutter Bits, filed on Jul. 9, 2004 are incor 
porated herein by reference in their entireties. 

COPYRIGHT NOTICE 

0003) A portion of the disclosure of this patent document 
contains material which is Subject to copyright protection. 
The copyright owner has no objection to the facsimile 
reproduction by anyone of the patent document or the patent 
disclosure, as it appears in the Patent and Trademark Office 
patent file or records, but otherwise reserves all copyright 
rights whatsoever. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH 

0004) Not applicable. 

BACKGROUND OF THE INVENTION 

0005 1. Field of the Invention 
0006 The invention relates generally to drilling through 
earth formations, and more specifically to Simulating the 
drilling performance of a drilling tool assembly in drilling a 
wellbore through earth formations. The invention also 
relates to methods for modeling the dynamic response of a 
drilling tool assembly, methods for designing a drilling tool 
assembly, and methods for optimizing the performance of a 
drilling tool assembly. 

0007 2. Background Art 
0008 FIG. 1 shows one example of a conventional 
drilling System for drilling through earth formation. The 
drilling System includes a drilling rig 10 used to turn a 
drilling tool assembly 12 which extends downward into a 
wellbore 14. The drilling tool assembly 12 includes a drill 
string 16, and a bottomhole assembly (BHA) 18, attached to 
the distal end of the drill string 16. 
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0009. The drill string 16 comprises several joints of drill 
pipe 16a connected end to end through tool joints 16b. The 
drill string 16 transmits drilling fluid (through its hollow 
core) and transmits rotational power from the drill rig 10 to 
the BHA18. Additional components may also be included as 
part of the drilling tool assembly, including components 
Such as Subs, pup joints, etc. 
0010) The BHA 18 is generally considered to include at 
least a drill bit 20. Typical BHAS may include additional 
components disposed between the drill string 16 and the drill 
bit 20. Examples of additional BHA components include 
drill collars, Stabilizers, measurement-while-drilling 
(MWD) tools, logging-while-drilling (LWD) tools, subs, 
hole enlargement devices (e.g., hole openers and reamers), 
jars, accelerators, thrusters, downhole motors, and rotary 
Steerable Systems. 
0011. In general, drilling tool assemblies 12 may include 
other drilling components and accessories, Such as Special 
Valves, including kelly cocks, blowout preventers, and/or 
Safety valves. Additional components included in a drilling 
tool assembly 12 may be considered a part of the drill String 
16 or a part of the BHA 18 depending on their locations in 
the drilling tool assembly 12. 
0012. The drill bit 20 of the BHA 18 may be any type of 
drill bit suitable for drilling earth formation. Two common 
types of earth boring bits used for drilling earth formations 
are fixed-cutter bits and roller cone bits. One example of a 
fixed-cutter bit is shown in FIG. 2. One example of a roller 
cone bit is shown in FIG. 3. 

0013 Referring to FIG. 2, fixed-cutter bits (also called 
drag bits) 21 typically comprise a bit body 22 having a 
threaded connection at one end 24 and a cutting head 26 
formed at the other end. The head 26 of the fixed-cutter bit 
21 typically comprises a plurality of blades 28 arranged 
about the rotational axis of the bit and extending radially 
outward from the bit body 22. Cutting elements 29 are 
embedded in the blades 28 to cut through earth formation as 
the bit is rotated on the earth formation. Cutting elements 29 
of fixed-cutter bits, such as the one shown in FIG. 2, 
typically comprise polycrystalline diamond compacts (PDC) 
or Specially manufactured diamond or other Superabrasive 
material cutters. These bits are typically referred to as PDC 
bits. 

0014) Referring to FIG. 3, roller cone bits 30 typically 
comprise a bit body 32 having a threaded connection at one 
end 34 and one or more legs (typically three) extending from 
the other end. A roller cone 36 is mounted on each of the legs 
and is able to rotate with respect to the bit body 32. On each 
cone 36 of the bit 30 are a plurality of cutting elements 38, 
typically arranged in rows about the Surface of the cone 36 
to contact and cut through formation encountered by the bit. 
Roller cone bits 30 are designed such that as a drill bit rotates 
on earth formation in a wellbore, the cones 36 of the bit 30 
roll on the bottom surface of the wellbore (called the 
“bottomhole”) and the cutting elements 38 scrape and crush 
the formation beneath them. The cutting elements 38 on the 
roller cone bit 30 may comprise milled steel teeth formed on 
the Surface of the cones 36 or inserts embedded in the cones. 
Typically, inserts are tungsten carbide inserts or polycrys 
talline diamond compacts. In the case of roller cone bits or 
fixed cutter bits hard facing may be applied to the Surface of 
the cutting elements and the cones or blades of the bit to 
improve the wear resistance of the cutting structure. 



US 2005/0096847 A1 

0015 For a drill bit 20 to drill through formation, suffi 
cient rotational moment and axial force must be applied to 
the bit 20 to cause the cutting elements of the bit 20 to cut 
into and/or crush formation as the bit is rotated. The axial 
force applied to the bit is a portion of the weight of the 
drilling tool assembly. The drilling tool assembly is typically 
Supported at the rig by a Suspending mechanism (or hook), 
and the portion of the weight of the drilling tool assembly 
Supported at the rig 10 by the Suspending mechanism is 
typically referred to as the hook load. The portion of the 
drilling tool assembly weight applied as an axial force on the 
bit 20 is typically referred to as the “weight on bit” (WOB). 
The rotational moment applied to the drilling tool assembly 
12 at the drill rig 10 (usually by a rotary table or top drive 
mechanism) to turn the drilling tool assembly 12 is referred 
to as the "rotary torque'. The speed at which the rotary table 
or top drive mechanism rotates the drilling tool assembly 12, 
typically measured in revolutions per minute (RPM), is 
referred to as the "rotary speed”. 
0016. During drilling, the actual WOB is not constant. 
Some of the fluctuation in the force applied to the bit may 
be the result of the bit contacting the formation having 
harder and softer portions that break unevenly. However, in 
most cases, the majority of the fluctuation in the WOB can 
be attributed to drilling tool assembly vibrations in the 
wellbore. Drilling tool assemblies can extend more than a 
mile in length while being less than a foot in diameter. AS a 
result, these assemblies are relatively flexible along their 
length and may vibrate when driven rotationally by a rotary 
table. Several modes of vibration are possible for drilling 
tool assemblies. In general, drilling tool assemblies may 
experience torsional, axial and lateral vibrations. Although 
partial damping of vibration may result due to Viscosity of 
drilling fluid, friction of the drill String rubbing against the 
wall of the wellbore, energy absorbed in drilling the forma 
tion, and drilling tool assembly impacting with wellbore 
wall, these Sources of damping are typically not enough to 
SuppreSS Vibrations completely. 
0017 Vibrations of a drilling tool assembly have been 
difficult to predict because different forces may combine to 
produce the various modes of vibration, and models for 
Simulating the response of an entire drilling tool assembly 
including a drill bit interacting with formation in a drilling 
environment have not been available. Drilling tool assembly 
Vibrations are generally undesirable, not only because they 
are difficult to predict, but also because they can Signifi 
cantly affect the instantaneous force applied on the bit. This 
can result in the bit not operating as expected. For example, 
Vibrations can result in off-centered drilling, lack of control 
in the direction of drilling, slower rates of penetration, 
excessive wear of the cutting elements, or premature failure 
of the cutting elements and the bit. Lateral vibration of the 
drilling tool assembly may be a result of radial force 
imbalances, mass imbalance, and bit/formation interaction, 
among other things. Lateral vibration results in poor drilling 
tool assembly performance, overgage hole drilling, out-of 
round, or “lobed” wellbores and premature failure of both 
the cutting elements and bit bearings. 
0.018 When the bit wears out or breaks during drilling, 
the entire drilling tool assembly must be lifted out of the 
wellbore Section-by-Section and disassembled in an opera 
tion called a "pipe trip'. In this operation, a heavy hoist is 
required to pull the drilling tool assembly out of the wellbore 
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in Stages So that each stand of pipe (typically pipe Sections 
of about 90 feet) can be unscrewed and racked for the later 
re-assembly. Because a drilling tool assembly may extend 
for more than a mile, pipe trips can take Several hours and 
can pose a significant expense to the wellbore operator and 
drilling budget. Therefore, the ability to design drilling tool 
assemblies which have increased durability and longevity, 
for example, by minimizing the wear on the drilling tool 
assembly due to vibrations, is very important and greatly 
desired to minimize pipe trips out of the wellbore and to 
more accurately predict the resulting geometry of the well 
bore drilled. 

0019. Simulation methods have been previously intro 
duced which characterize either the interaction of a bit with 
the bottomhole Surface of a wellbore under fixed condition 
or the dynamics of a bottomhole assembly (BHA) with 
representative factors assumed for the influence of the drill 
string and the drill bit. However, no prior art simulation 
techniques have been developed to cover the dynamic 
modeling of an entire drilling tool assembly which includes 
the simulated interaction of the drill bit with the bottomhole 
surface, until the development of methods disclosed in U.S. 
patent application Ser. No. 09/689,299, filed Oct. 11, 2000 
and incorporated herein by reference. Prior to this disclo 
Sure, the dynamic response of a drilling tool assembly or the 
effect of a change in configuration on drilling tool assembly 
performance could not be accurately predicted. Thus, 
numerous Sensors, measurement devices, and control Sys 
tems were employed in drilling to determine a more accurate 
prediction of the drilling response of a given drilling tool 
assembly, which Significantly added to the Overall cost of 
drilling the well. 

0020. As disclosed in U.S. patent application Ser. No. 
09/689,299, simulation methods for PDC drill bits have been 
previously disclosed, such as the methods described in SPE 
Paper No. 15618 by T. M. Warren et. al., entitled “Drag Bit 
Performance Modeling” and the methods disclosed in U.S. 
Pat. No. 4,815,342, U.S. Pat. No. 5,010,789, U.S. Pat. No. 
5,042,596, and U.S. Pat. No. 5,131,479 to Brett et al. Also 
disclosed are methods for defining the bit geometry, and 
methods for modeling forces on cutting elements and meth 
ods for determining cutting element wear based. Modeling 
cutting element/earth formation interaction is also discussed 
in SPE Paper No. 15617 by T. M. Warren et al., entitled 
“Laboratory Drilling Performance of PDC Bits". 

0021. A method for determining the interaction between 
a roller cone bit and earth formations during drilling is 
described in U.S. Pat. No. 6,516,293 to Huang et al. and 
entitled “Method for Simulating Drilling of Roller Cone Bits 
and its Application to Roller Cone Bit Design and Perfor 
mance'. This patent is assigned to the assignee of the present 
invention and incorporated herein by reference. 

0022 While prior art simulation methods, such as those 
described above may be used to determine an interaction of 
a bit with earth formation independent of a drill String, or 
may be used to determine the dynamics of a BHA with 
assumed characteristics for the drill String and bit, no prior 
art Simulation technique covered the dynamic modeling of 
the entire drilling tool assembly, prior to U.S. application 
Ser. No. 09/689,299, filed Oct. 11, 2000 and titled “Simu 
lating the Dynamic Response of a Drilling Tool Assembly 
and Its Application to Drilling Tool Assembly Design Opti 
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mization and Drilling Performance Optimization,” which is 
incorporated herein by reference. Because previous simula 
tion methods do not take into account the dynamic response 
of the entire drilling tool assembly to the calculated inter 
action of cutting elements with earth formation during 
drilling, accurately predicting the response of a given drill 
ing tool assembly in drilling a particular formation was 
Virtually impossible. Additionally, the change in the 
dynamic response of a drilling tool assembly when a com 
ponent of the drilling tool assembly was changed was not 
well understood. 

0023. In view of the above, a method for simulating the 
dynamic response of an entire drilling tool assembly, which 
takes into account bit interaction with the bottom Surface of 
the wellbore, drilling tool assembly interaction with the wall 
of the wellbore, and damping effects of the drilling fluid on 
the drill String is both needed and desired. Additionally, a 
more accurate model for predicting and Visually displaying 
the performance of a drilling tool assembly including a fixed 
cutter drill bit, and for determining optimal drilling tool 
assembly designs and/or optimal drilling operating param 
eters for optimal drilling tool assembly performance for a 
particular drilling operation in particular earth formation is 
desired. 

SUMMARY OF THE INVENTION 

0024. One aspect of the invention relates to methods for 
designing a drilling tool assembly, having a drill bit disposed 
at one end. A method in accordance with one embodiment of 
the invention includes defining initial drilling tool assembly 
design parameters, calculating a dynamic response of the 
drilling tool assembly; adjusting a value of a drilling tool 
assembly design parameter; and repeating the calculating 
and the adjusting until a drilling tool assembly performance 
parameter is optimized. 
0.025 One aspect of the invention relates to methods for 
determining a performance of a drilling tool assembly. A 
method in accordance with one embodiment of the invention 
includes generating a geometric model of the drilling tool 
assembly and a geometric well trajectory model of a earth 
formation; Simulating the drilling tool assembly drilling the 
earth formation; determining the drilling tool assembly 
interaction with the earth formation; and determining forces 
acting on a drill bit in the drilling tool assembly. 
0026. One aspect of the invention relates to methods for 
analyzing a drilling tool assembly design. A method in 
accordance with one embodiment of the invention includes 
calculating a response of the drilling tool assembly including 
a response of a drill bit disposed at one end of the drilling 
tool assembly, adjusting a value of at least one drilling tool 
assembly design parameter; and repeating the calculating. 
0027. One aspect of the invention relates to methods for 
determining at least one optimal drilling operating parameter 
for a drilling tool assembly that includes a drill bit disposed 
at one end. A method in accordance with one embodiment of 
the invention includes calculating a dynamic response of the 
drilling tool assembly; adjusting a value of at least one 
drilling operating parameter based on the dynamic response; 
and repeating the calculating and the adjusting until a 
drilling performance parameter is optimized. 
0028. Other aspects and advantages of the invention will 
be apparent from the following description and the appended 
claims. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

0029 FIG. 1 shows a schematic diagram of a conven 
tional drilling System for drilling earth formations. 
0030 FIG. 2 shows a perspective view of a prior art 
fixed-cutter bit. 

0031 FIG. 3, shows one example of a prior art roller 
cone drill bit. 

0032 FIG. 4 shows a flow chart of a method for deter 
mining the dynamic response of a drilling tool assembly 
drilling through earth formation. 

0033 FIG. 5 shows a flow chart of one embodiment of 
the method predicting the dynamic response of a drilling 
tool assembly drilling through earth formation in accordance 
with the method shown in FIG. 4. 

0034 FIG. 6 shows a graphical display illustrating an 
embodiment of Setup parameters. 

0035 FIGS. 7A-7C shows a flow chart for one embodi 
ment a method in accordance with embodiments of the 
present invention 

0036 FIG. 8 shows a flow chart of a method for deter 
mining an optimal value of at least one drilling tool assem 
bly design parameter. 

0037 FIG. 9 shows a flow chart of one embodiment of 
the method for determining an optimal value of at least one 
drilling tool assembly design parameter in accordance with 
the method shown in FIG. 8. 

0038 FIG. 10 shows a flow chart of a method for 
determining an optimal value for at least one drilling oper 
ating parameter for a drilling tool assembly. 

0039 FIG. 11 shows a flow chart of one embodiment of 
the method for determining an optimal value for at least one 
drilling operating parameter for a drilling tool assembly in 
accordance with the method shown in FIG. 10. 

0040 FIG. 12 shows one example of converting output 
data into a Visual representation in accordance with one 
aspect of the invention. 
0041 FIG. 13 shows an example of a graphically dis 
playing modeling an inhomogeneous formation in accor 
dance with an embodiment of the present invention. 
0042 FIG. 14 shows one example of a bottomhole 
pattern generated during drilling in a transitional layer, in 
accordance with one embodiment of the present invention. 
0043 FIGS. 15A and 15B illustrate graphical displays 
produced in accordance with embodiments of the present 
invention. 

0044 FIGS. 16A-16G show examples visual represen 
tations generated for one embodiment of the invention. 

004.5 FIG. 17 shows a box and wisker plot illustrating 
the radial force acting on a Selected cutter, in accordance 
with an embodiment of the present invention. 
0046 FIG. 18 shows a spectrum plot for cut area & depth 
for given cutters in accordance with an embodiment of the 
present invention. 
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0047 FIG. 19 shows a spectrum plot for bit imbalance 
force as a function of a beta angle in accordance with 
embodiments of the present invention. 
0048 FIG. 20 shows a spectrum plot of lateral force in 
accordance with an embodiment of the present invention. 
0049 FIG. 21 shows a spectrum plot of torque on bit in 
accordance with an embodiment of the present invention. 

0050 FIGS. 22-25 show history plots in accordance with 
embodiments of the present invention. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

0051. The present invention provides methods for pre 
dicting the dynamic response of a drilling tool assembly 
drilling an earth formation, methods for optimizing a drilling 
tool assembly design, methods for optimizing drilling opera 
tion parameters, and methods for optimizing drilling tool 
assembly performance. 

0.052 Methods for determining the dynamic response of 
a drilling tool assembly to drilling interaction with an earth 
formation were initially disclosed in U.S. patent application 
Ser. No. 09/689,299 by Huang, which is assigned to the 
assignee of the present invention and incorporated herein by 
reference. New methods developed for modeling fixed cutter 
drill bits are disclosed in U.S. Patent Application No. 
60/485,642 by Huang, filed on Jul. 9, 2003, titled “Method 
for Modeling, Designing, and Optimizing Fixed Cutter 
Bits,' assigned to the assignee of the present application and 
incorporated herein by reference in its entirety. Methods 
disclosed in the 642 application may advantageously allow 
for a more accurate prediction of the actual performance of 
a fixed cutter bit in drilling Selected formations by incorpo 
rating the use of actual cutting element/earth formation 
interact data or related empirical formulas to accurately 
predict the interaction between cutting elements and earth 
formations during drilling. Embodiments of the invention 
disclosed herein relate to the use methods disclosed in the 
299 combined with methods disclosed in the 642 applica 
tion and other novel methods related to drilling tool assem 
bly design. 

0053 FIG. 1 shows one example of a drilling tool 
assembly that may be designed, modeled, or optimized in 
accordance with one or more embodiments of the invention. 
The drilling tool assembly includes a drill string 16 coupled 
to a bottomhole assembly (BHA) 18. The drill string 16 
includes one or more joints of drill pipe. A drill String may 
further include additional components, Such as tool joints, a 
kelly, kelly cocks, a kelly Saver Sub, blowout preventers, 
Safety valves, and other components known in the art. The 
BHA 18 includes at least a drill bit. A BHA 18 may also 
include one or more drill collars, Stabilizers, a downhole 
motor, MWD tools, and LWD tools, jars, accelerators, push 
the bit directional drilling tools, pull the bit directional 
drilling tools, point Stab tools, shock absorbers, bent SubS, 
pup joints, reamers, Valves, and other components. 

0.054 While in practice, a BHA comprises at least a drill 
bit, in embodiments of the invention described below, the 
parameters of the drill bit, required for modeling interaction 
between the drill bit and the bottomhole surface, are gen 
erally considered separately from the BHA parameters. This 
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Separate consideration of the bit allows for interchangeable 
use of any drill bit model as determined by the system 
designer. 

0055 To simulate the dynamic response of a drilling tool 
assembly, such as the one shown in FIG. 1, components of 
the drilling tool assembly need to be mathematically 
defined. For example, the drill String may be defined in terms 
of geometric and material parameters, Such as the total 
length, the total weight, inside diameter (ID), outside diam 
eter (OD), and material properties of each of the various 
components that make up the drill String. Material properties 
of the drill String components may include the Strength, and 
elasticity of the component material. Each component of the 
drill String may be individually defined or various parts may 
be defined in the aggregate. For example, a drill String 
comprising a plurality of Substantially identical joints of drill 
pipe may be defined by the number of drill pipe joints of the 
drill String, and the ID, OD, length, and material properties 
for one drill pipe joint. Similarly, the BHA may be defined 
in terms of geometrical and material parameters of each 
component of the BHA, such as the ID, OD, length, location, 
and material properties of each component. 

0056. The geometry and material properties of the drill 
bit also need to be defined as required for the method 
selected for simulating drill bit interaction with earth for 
mation at the bottom surface of the wellbore. Examples of 
methods for modeling drill bits are known in the art, see for 
example U.S. Pat. No. 6,516,289 to Huang and U.S. Pat. No. 
6,213,225 to Chen for roller cone bits and U.S. Pat. No. 
4,815,342; U.S. Pat. No. 5,010,789; U.S. Pat. No. 5,042,596; 
and U.S. Pat. No. 5,131,479, each to Brett et al. for fixed 
cutter bits, which are each hereby incorporated by reference 
in their entirety. Other methods for modeling, designing, and 
optimizing fixed cutter drill bits are also disclosed in U.S. 
Patent Application No. 60/485,642, previously incorporated 
herein by reference. 

0057 To simulate the dynamic response of a drilling tool 
assembly drilling through an earth formation, the Wellbore 
trajectory in which the drilling tool assembly is to be 
confined should also be defined mathematically along with 
its initial bottomhole geometry. The wellbore trajectory may 
be Straight, curved, or a combination of Straight and curved 
Sections at various angular orientations. The Wellbore tra 
jectory may be defined in terms of parameters for each of a 
number of Segments of the trajectory. For example, a well 
bore defined as comprising N Segments may be defined by 
the length, diameter, inclination angle, and azimuth direction 
of each Segment along with an index number indicating the 
order of the Segments. The material or material properties of 
the formation defining the wellbore Surfaces can also be 
defined. 

0058 Additionally, drilling operation parameters, such as 
the Speed at which the drilling tool assembly is rotated and 
the rate of penetration or the weight on bit (which may be 
determined from the weight of the drilling tool assembly 
Suspended at the hook) are also defined. Once the drilling 
System parameters are defined, they can be used along with 
Selected interaction models to Simulate the dynamic 
response of the drilling tool assembly drilling an earth 
formation as discussed below. 
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Method for Simulating 
0059. In one aspect, the invention provides a method for 
determining the dynamic response of a drilling tool assem 
bly during a drilling operation. Advantageously, in one or 
more embodiments, the method takes into account interac 
tion between an entire drilling tool assembly and the drilling 
environment. The interaction includes the interaction 
between the drill bit at the end of the drilling tool assembly 
and the formation at the bottom of the wellbore. The 
interaction between the drilling tool assembly and the drill 
ing environment may also include the interaction between 
the drilling tool assembly and the side (or wall) of the 
wellbore. Further, interaction between the drilling tool 
assembly and drilling environment may include the Viscous 
damping effects of the drilling fluid on the dynamic behavior 
of the drilling tool assembly. In addition, the drilling fluid 
also provides buoyancy to the various components in the 
drilling tool assembly, reducing the effective masses of these 
components. 

0060 A flow chart for one embodiment of a method in 
accordance with an aspect of the present invention is shown 
in FIG. 4. The method includes inputting data characterizing 
a drilling operation to be simulated 102. The input data may 
include drilling tool assembly parameters, drilling environ 
ment parameters, and drilling operation parameters. The 
method also includes constructing a mechanics analysis 
model for the drilling tool assembly 104. The mechanics 
analysis model can be constructed using finite element 
analysis with drilling tool assembly parameters and New 
ton's law of motion. The method further includes determin 
ing an initial Static State of the drilling tool assembly in the 
drilling environment 106 using the mechanics analysis 
model along with drilling environment parameters. Then, 
based on the initial Static State and operational parameters 
provided as input, the dynamic response of the drilling tool 
assembly in the drilling environment is incrementally cal 
culated 108. 

0061 Results obtained from calculation of the dynamic 
response of the drilling tool assembly are then provided as 
output data. The output data may be input into a graphics 
generator and used to graphically generate Visual represen 
tations characterizing aspects of the performance of the 
drilling tool assembly in drilling the earth formation 110. 
0.062. In one example, illustrated in FIG. 5, Solving for 
the dynamic response 116 may not only include Solving the 
mechanics analysis model for the dynamic response to an 
incremental rotation 120, but may also include determining, 
from the response obtained, loads (e.g., drilling environment 
interaction forces, bending moments, etc.) on the drilling 
tool assembly due to interaction between the drilling tool 
assembly and the drilling environment during the incremen 
tal rotation 122, and resolving for the response of the drilling 
tool assembly to the incremental rotation 124 under the 
newly determined loads. The determining and resolving may 
be repeated in a constraint update loop 128 until a response 
convergence criterion 126 is Satisfied. 
0.063 For example, assuming the simulation is performed 
under a constant WOB, with each incremental rotation 120, 
the drill bit is rotated by a small angle and moved downward 
(axially) by a small distance. During this movement, the 
interference between the drill bit and the bottom of the hole 
generates counter force acting against the drill bit (loads). If 

May 5, 2005 

the load is more than the WOB, then the rotation or 
downward movement of the drill bit is too much. The 
parameters (constraints) should be adjusted (e.g., reduced 
the downward movement distance) and the incremental 
rotation 120 is again performed. On the other hand, the load 
after the incremental rotation 120 is less than the WOB, then 
the incremental rotation 120 should be performed with a 
larger angular or axial movement. These steps (incremental 
rotation, load calculation, comparison with a criterion, 
adjustment of constraints) are repeated until the computed 
load from the incremental rotation is within a Selected 
criterion (step 126). Once a convergence criterion is satis 
fied, the entire incremental Solving proceSS 116 may be 
repeated for Successive increments 129 until an end condi 
tion for Simulation is reached. 

0064. During the simulation, the constraint forces ini 
tially used for each new incremental calculation Step may be 
the constraint forces determined during the last incremental 
rotation. In the Simulation, incremental rotation and calcu 
lations are repeated for a Select number of Successive 
incremental rotations until an end condition for Simulation is 
reached. A flow chart of another embodiment of the inven 
tion is shown in FIGS. 7A-B. 

0065. As shown in FIGS. 7A-7B, the parameters pro 
vided as input 200 include drilling tool assembly design 
parameters 202, initial drilling environment parameters 204 
and drilling operation parameterS 206. Drilling tool assem 
bly/drilling environment interaction parameters are also 
provided or selected as input 208. 
0066 Drilling tool assembly design parameters 202 
include drill String design parameters and BHA design 
parameters. As illustrated in FIG. 8, the drill string can be 
defined as a plurality of Segments of drill pipe with tool 
joints and the BHA may be defined as including a number of 
drill collars, Stabilizers, and other downhole components, 
such as a bent housing motor, MWD tool, LWD tool, 
thruster, point the bit directional drilling tool, push the bit 
directional drilling tool, Shock absorber, point Stab, and a 
drill bit. One or more of these items may be selected from 
a library list of tools and used in the design of a drilling tool 
assembly model, as shown in FIG.8. Also, while the drill bit 
is generally considered part of the BHA, the drill bit design 
parameters are defined in a bit parameter input Screen and 
used separately in a detailed modeling of bit interaction with 
the earth formation that can be coupled to the drilling tool 
assembly design model and described below. Considering 
the detailed interaction of the bit with the earth formation 
Separately in a bit calculation Subroutine coupled to the 
drilling tool assembly model advantageously allows for the 
interchangeable use of any type of drill bit which can be 
defined and modeled using any desired drill bit analysis 
model. The calculated response of the bit interacting with 
the formation is coupled to the drilling tool assembly design 
model so that the effect of the selected drill bit interacting 
with the formation during drilling can be directly determined 
for the selected drilling tool assembly. 

0067. As previously discussed above, drill string design 
parameters may include the length, inside diameter (ID), 
outside diameter (OD), weight (or density), and other mate 
rial properties of the drill String in the aggregate. Alterna 
tively, in one or more embodiments, drill String design 
parameters may include the properties of each component of 
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the drill String and the number of components and location 
of each component of the drill String. In the example shown 
in FIG. 8, the length, ID, OD, weight, and material prop 
erties of a Segment of drill pipe may be provided as input 
along with the number of Segments of drill pipe that make 
up the drill String. Material properties of the drill String 
provided as input may also include the type of material 
and/or the Strength, elasticity and density of the material. 
The weight of the drill string, or individual segment of the 
drill string may be provided as its “air weight or as “weight 
in drilling fluids” (the weight of the component when 
Submerged in the Selected drilling fluid). 
0068 BHA design parameters include, for example, the 
bent angle and orientation of the motor, the length, equiva 
lent inside diameter (ID), outside diameter (OD), weight (or 
density), and other material properties of each of the various 
components of the BHA. In the example shown, the drill 
collars, Stabilizers, and other downhole components are 
defined by their lengths, equivalent IDs, ODs, material 
properties, and eccentricity of the various parts, their weight 
in drilling fluids, and their position in the drilling tool 
assembly recorded. 
0069 Drill bit design parameters are also provided as 
input and used to construct a model for the Selected drill bit. 
Drill bit design parameters include, for example, the bit type 
(roller cone, fixed-cutter, etc.) and geometric parameters of 
the bit. Geometric parameters of the bit may include the bit 
size (e.g., diameter), number of cutting elements, and the 
location, shape, size, and orientation of the cutting elements. 
In the case of a roller cone bit, drill bit design parameters 
may further include cone profiles, cone axis offset (offset 
from perpendicular with the bit axis of rotation), the number 
of cutting elements on each cone, the location, Size, shape, 
orientation, etc. of each cutting element on each cone, and 
any other bit geometric parameters (e.g., journal angles, 
element spacings, etc.) to completely define the bit geom 
etry. In the case of a fixed cutter bit, the drill bit design 
parameters may further include the size of the bit, param 
eters defining the profile and location of each of the blades 
on the cutting face of the drill bit, the number and location 
of cutting elements on each blade, the back rake and Side 
rake angles for each cutting element. In general, drill bit, 
cutting element, and cutting Structure geometry may be 
converted to coordinates and provided as input to the 
Simulation program. In one or more embodiments, the 
method used for obtaining bit design parameters is the 
uploading of 3-dimensional CAD solid or surface model of 
the drill bit to facilitate the geometric input. Drill bit design 
parameters may further include material properties of the 
various components that make up the drill bit, Such as 
Strength, hardness, and thickness various materials forming 
the cutting elements, blades, and bit body. 
0070. In one or more embodiments, drilling environment 
parameters 204 include one or more parameters character 
izing aspects of the wellbore. Wellbore parameters may 
include Wellbore trajectory parameters and wellbore forma 
tion parameters. Wellbore trajectory parameters may include 
any parameter used in characterizing a wellbore trajectory, 
Such as an initial wellbore depth (or length), diameter, 
inclination angle, and azimuth direction of the trajectory or 
a Segment of the trajectory. In the typical case of a wellbore 
comprising different Segments having different diameters or 
directional orientations, wellbore trajectory parameters may 
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include depths, diameters, inclination angles, and azimuth 
directions for each of the various segments. Wellbore tra 
jectory information may also include an indication of the 
curvature of each Segment, and the order or arrangement of 
the segments in wellbore. Wellbore formation parameters 
may also include the type of formation being drilled and/or 
material properties of the formation Such as the formation 
compressive Strength, hardness, plasticity, and elastic modu 
lus. An initial bottom surface of the wellbore may also be 
provided or Selected as input. The bottomhole geometry may 
be defined as flat or contour and provided as wellbore input. 
Alternatively, the initial bottom Surface geometry may be 
generated or approximated based on the Selected bit geom 
etry. For example, the initial bottomhole geometry may be 
Selected from a “library’ (i.e., database) containing Stored 
bottomhole geometries resulting from the use of various drill 
bits. 

0071. In one or more embodiments, drilling operation 
parameters 206 include the rotary speed (RPM) at which the 
drilling tool assembly is rotated at the Surface and/or a 
downhole motor speed if a downhole motor is used. The 
drilling operation parameters also include a weight on bit 
(WOB) parameter, such as hook load and/or a rate of 
penetration (ROP). Other drilling operation parameters 206 
may include drilling fluid parameters, Such as the Viscosity 
and density of the drilling fluid, rotary torque and drilling 
fluid flow rate. The drilling operating parameters 206 may 
also include the number of bit revolutions to be simulated or 
the drilling time to be simulated as Simulation ending 
conditions to control the Stopping point of Simulation. How 
ever, Such parameters are not necessary for calculation 
required in the Simulation. In other embodiments, other end 
conditions may be provided, Such as a total drilling depth to 
be simulated or operator command. 

0072. In one or more embodiments, input is also provided 
to determine the drilling tool assembly/drilling environment 
interaction models 208 to be used for the simulation. As 
discussed in U.S. Pat. No. 6,516,293 and U.S. Provisional 
Application No. 485,642, cutting element/earth formation 
interaction models may include empirical models or numeri 
cal data useful in determining forces acting on the cutting 
elements based on calculated displacements, Such as the 
relationship between a cutting force acting on a cutting 
element, the corresponding Scraping distance of the cutting 
element through the earth formation, and the relationship 
between the normal force acting on a cutting element and the 
corresponding depth of penetration of the cutting element in 
the earth formation. Cutting element/earth formation inter 
action models may also include wear models for predicting 
cutting element wear resulting from prolonged contact with 
the earth formation, cutting Structure/formation interaction 
models and bit body/formation interaction models for deter 
mining forces on the cutting structure and bit body when 
they are determined to interact with earth formation during 
drilling. In one or more embodiments, coefficients of an 
interaction model may be adjustable by a user to adapt a 
generic model to more closely fit characteristics of interac 
tion as Seen during drilling in the field. For example, 
coefficients of the wear model may be adjustable to allow for 
the wear model to be adjusted by a designer to calculate 
cutting element wear more consistent with that found on dull 
bits run under Similar conditions. 
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0.073 Drilling tool assembly/earth formation impact, 
friction, and damping models or parameters can be used to 
characterize impact and friction on the drilling tool assembly 
due to contact of the drilling tool assembly with the wall of 
the Wellbore and due to Viscous damping effects of the 
drilling fluid. These models may include drill string-BHA/ 
formation impact models, bit body/formation impact mod 
els, drill string-BHA/formation friction models, and drilling 
fluid viscous damping models. One skilled in the art will 
appreciate that impact, friction and damping models may be 
obtained through laboratory experimentation. Alternatively, 
these models may also be derived based on mechanical 
properties of the formation and the drilling tool assembly, or 
may be obtained from literature. Prior art methods for 
determining impact and friction models are shown, for 
example, in paperS Such as the one by Yu Wang and Matthew 
Mason, entitled “Two-Dimensional Rigid-Body Collisions 
with Friction”, Journal of Applied Mechanics, September 
1992, Vol. 59, pp. 635-642. 
0.074. Input data may be provided as input to a simulation 
program by way of a user interface which includes an input 
device coupled to a Storage means, a database and a visual 
display, wherein a user can Select which parameters are to be 
defined, Such as operation parameters, drill String param 
eters, well parameters, etc. Then once the type of parameters 
to be defined is Selected, the user Selected the component or 
value desired to be changed and enter or Select a changed 
value for use in performing the Simulation. 
0075. In one or more embodiments, the user may select 
to change Simulation parameters, Such as the type of Simu 
lation mode desired (such as from ROP control to WOB 
control, etc.), or various calculation parameters, Such as 
impact model modes (force, Stiffness, etc.), bending-torsion 
model modes (coupled, decoupled), damping coefficients 
model, calculation incremental Step size, etc. The user may 
also Select to define and modify drilling tool assembly 
parameters. First the user may construct a drilling tool 
assembly to be Simulated by Selecting the component to be 
included in the drilling tool assembly from a database of 
components and then adjusting the parameters for each of 
the components as needed to create a drilling tool assembly 
model that very closely represents the actual drilling tool 
assembly being considered for use. 
0.076. In one embodiment, the specific parameters for 
each component Selected from the database may be adjust 
able by Selecting a component added to the drilling tool 
assembly and changing the geometric or material property 
values defined for the component in a menu Screen So that 
the resulting component Selected more closely matches with 
the actual component included in the actual drilling tool 
assembly. For example, referring to FIG. 7, in one embodi 
ment, a Stabilizer in the drilling tool assembly may be 
Selected and any one of the overall length, outside body 
diameter, inside body diameter, weight, fish (leading) neck 
length, NE of the fish neck, blade length blade OD, blade 
width, number of blades, NE for blades, NE for tong end, 
eccentricity offset, and eccentricity angle may be provided 
as well as values relating to the material properties (e.g., 
Young's modulus, Poisson's ratio, etc.) of the tool may be 
Specifically defined to more accurately represent the Stabi 
lizer to be used in the drilling tool assembly being modeled. 
Similar features may also be provided for each of the drill 
collars, drill pipe, croSS over Subs, etc., included in the 
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drilling tool assembly. In the case of drill pipe, and Similar 
components, additional features defined may include the 
length and outside diameter of each tool connection joint, So 
that the effect of the actual tool joints on Stiffness and mass 
throughout the System can be taken into account during 
calculations to provide a more accurate prediction of the 
dynamic response of the drilling tool assembly being mod 
eled. 

0077. The user may also select and define the well by 
Selecting well Survey data and wellbore data. For example, 
for each Segment a user may define the measured depth in, 
inclination angle, azimuth angle, of each Segment of the 
wellbore, and the diameter, well stiffness, coefficient of 
restitution, axial and transverse damping coefficients of 
friction, axial and transverse Scraping coefficient of friction, 
and mud density. 
0078. As shown in FIG. 7A, once input data 200 are 
Selected, determined, or otherwise provided, a two-part 
mechanics analysis model of the drilling tool assembly is 
constructed 210 and used to determine the initial static state 
232 of the drilling tool assembly in the wellbore. The first 
part of the mechanics analysis model takes into consider 
ation the overall structure of the drilling tool assembly, with 
the drill bit being only generally represented. In this embodi 
ment, a finite element method is used wherein an arbitrary 
initial State (such as hanging in the vertical mode free of 
bending stresses) is defined for the drilling tool assembly as 
a reference and the drilling tool assembly is divided into N 
elements of specified element dimensions (i.e., meshed) 212. 
The Static load vector for each element due to gravity is 
calculated. Then element Stiffness matrices are constructed 
based on the material properties, element length, and croSS 
Sectional geometrical properties of drilling tool assembly 
components provided as input and are used to construct a 
stiffness matrix for the entire drilling tool assembly (wherein 
the drill bit is generally represented by a single node) (also 
at 212). Similarly, element mass matrices are constructed by 
determining the mass of each element (based on material 
properties, etc.) and are used to construct a mass matrix for 
the entire drilling tool assembly 214. Additionally, element 
damping matrices can be constructed (based on experimen 
tal data, approximation, or other method) and used to 
construct a damping matrix for the entire drilling tool 
assembly 216. Methods for dividing a system into finite 
elements and constructing corresponding Stiffness, mass, 
and damping matrices are known in the art and thus are not 
explained in detail here. Examples of Such methods are 
shown, for example, in "Finite Elements for Analysis and 
Design” by J. E. Akin (Academic Press, 1994). Those skilled 
in the art will appreciate that Selected BHA components 
segments of the drill string nearest the BHA may be meshed 
using finer or higher order finite elements that used for other 
parts of the drill String So that the dynamic response, forces, 
and stresses at these locations in the drilling tool assembly 
can be more accurately determined. 
0079 The second part of the mechanics analysis model 
210 of the drilling tool assembly is a mechanics analysis 
model of the drill bit which takes into account details of 
selected drill bit design at 218. The drill bit mechanics 
analysis model is constructed by creating a mesh of the 
cutting elements and establishing a coordinate relationship 
(coordinate System transformation) between the cutting ele 
ments and the bit, and between the bit and the tip of the BHA 
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at 218. As previously noted, examples of methods for 
modeling fixed cutter bits are disclosed in SPE Paper No. 
15618 by T. M. Warren et al., entitled “Drag Bit Perfor 
mance Modeling," U.S. Pat. No. 4,815,342, U.S. Pat. No. 
5,010,789, U.S. Pat. No. 5,042,596, and U.S. Pat. No. 
5,131,479 to Brett et al, and U.S. Provisional Application 
No. 60/485,642. 

0080 Because the response of the drilling tool assembly 
is subject to the constraint within the wellbore, wellbore 
constraints for the drilling tool assembly are determined, at 
222, 224. First, the trajectory of the wall of the wellbore, 
which constrains the drilling tool assembly and forces it to 
conform to the Wellbore path, is constructed at 220 using 
wellbore trajectory parameters provided as input. For 
example, a cubic B-spline method or other interpolation 
method can be used to approximate wellbore wall coordi 
nates at depths between the depths provided as input data. 
The wall coordinates are then discretized (or meshed), at 224 
and stored. Similarly, an initial wellbore bottom surface 
geometry is also discretized, at 222, and Stored. The initial 
bottom surface of the wellbore may be selected as flat or as 
any other contour and provided as input at 204. Alterna 
tively, the initial bottom Surface geometry may be generated 
or approximated based on the Selected bit geometry. For 
example, the initial bottomhole geometry may be Selected 
from a “library’ (i.e., database) containing Stored bottom 
hole geometries resulting from the use of various bits. 

0081. In this embodiment, a coordinate mesh size of 1 
millimeter is selected for the wellbore surfaces (wall and 
bottomhole); however, the coordinate mesh size is not 
intended to be a limitation on the invention. Once meshed 
and Stored, the wellbore wall and bottomhole geometry, 
together, comprise the initial wellbore constraints within 
which the drilling tool assembly operates, and, thus, within 
which the drilling tool assembly response is constrained. 

0082 Once the mechanics analysis model for the drilling 
tool assembly including the bit is constructed 210 and the 
wellbore constraints are specified 222, 224, the mechanics 
model and constraints can be used to determine the con 
straint forces on the drilling tool assembly when forced to 
the wellbore trajectory and bottomhole from its original 
“stress free” state. In this embodiment, the constraint forces 
on the drilling tool assembly are determined by first dis 
placing and fixing the nodes of the drilling tool assembly So 
the centerline of the drilling tool assembly corresponds to 
the centerline of the wellbore, at 226. Then, the correspond 
ing constraining forces required on each node (to fix it in this 
position) are calculated at 228 from the fixed nodal displace 
ments using the drilling tool assembly (i.e., System or 
global) stiffness matrix from 212. Once the “centerline” 
constraining forces are determined, the hook load is speci 
fied, and initial wellbore wall constraints and bottomhole 
constraints are introduced at 230 along the drilling tool 
assembly and at the bit (lowest node). The centerline con 
straints are used as the wellbore wall constraints. The hook 
load and gravitational force vector are used to determine the 
WOB. 

0.083 AS previously noted, the hook load is the load 
measured at the hook from which the drilling tool assembly 
is Suspended. Because the weight of the drilling tool assem 
bly is known, the bottomhole constraint force (i.e., WOB) 
can be determined as the weight of the drilling tool assembly 
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minus the hook load and the frictional forces and reaction 
forces of the hole wall on the drilling tool assembly. 

0084. Once the initial loading conditions are introduced, 
the “centerline' constraint forces on all of the nodes are 
removed, a gravitational force Vector is applied, and the 
static equilibrium position of the assembly within the well 
bore is determined by iteratively calculating the Static State 
of the drilling tool assembly 232. Iterations are necessary 
Since the contact points for each iteration may be different. 
The convergent Static equilibrium State is reached and the 
iteration process ends when the contact points and, hence, 
contact forces are Substantially the same for two Successive 
iterations. Along with the Static equilibrium position, the 
contact points, contact forces, friction forces, and Static 
WOB on the drilling tool assembly are determined. Once the 
Static State of the System is obtained, it can be used as the 
Staring point for Simulation of the dynamic response of the 
drilling tool assembly drilling earth formation 234. 

0085. Referring now to FIG. 6, in one example, incre 
mentally calculating the dynamic response 116 may not only 
include Solving the mechanics analysis model for the 
dynamic response to an incremental rotation, at 120, but 
may also include determining, from the response obtained, 
loads (e.g., drilling environment interaction forces) on the 
drilling tool assembly due to interaction between the drilling 
tool assembly and the drilling environment during the incre 
mental rotation, at 122, and resolving for the response of the 
drilling tool assembly to the incremental rotation, at 124, 
under the newly determined loads. The determining and 
resolving may be repeated in a constraint update loop 128 
until a response convergence criterion 126 is Satisfied. Once 
a convergence criterion is Satisfied, the entire incremental 
Solving process 116 may be repeated for Successive incre 
ments until an end condition for Simulation is reached. 

0086 During the simulation, the constraint forces ini 
tially used for each new incremental calculation Step may be 
the constraint forces determined during the last incremental 
rotation. In the Simulation, incremental rotation calculations 
are repeated for a Select number of Successive incremental 
rotations until an end condition for Simulation is reached. 

0087 As shown in FIG. 7A-C, once input data are 
provided and the Static State of the drilling tool assembly in 
the wellbore is determined, calculations in the dynamic 
response Simulation loop can be carried out. Briefly Sum 
marizing the functions performed in the dynamic response 
loop 240, the drilling tool assembly drilling earth formation 
is Simulated by "rotating the top of the drilling tool assem 
bly (and at the location corresponding to a downhole motor, 
if used) through an incremental angle (at 242) corresponding 
to a Selected time increment, and then calculating the 
response of the drilling tool assembly under the previously 
determined loading conditions 244 to the incremental rota 
tion(s). The constraint loads on the drilling tool assembly 
resulting from interaction with the wellbore wall during the 
incremental rotation are iteratively determined (in loop 245) 
and are used to update the drilling tool assembly constraint 
loads (i.e., global load vector), at 248, and the response is 
recalculated under the updated loading condition. The new 
response is then rechecked to determine if wall constraint 
loads have changed and. If necessary, wall constraint loads 
are re-determined, the load vector updated, and a new 
response calculated. Then the bottomhole constraint loads 
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resulting from bit interaction with the formation during the 
incremental rotation are evaluated based on the new 
response (loop 252), the load vector is updated (at 279), and 
a new response is calculated (at 280). The wall and bottom 
hole constraint forces are repeatedly updated (in loop 285) 
until convergence of a dynamic response Solution is deter 
mined (i.e., changes in the wall constraints and bottomhole 
constraints for consecutive Solutions are determined to be 
negligible). The entire dynamic simulation loop is then 
repeated for Successive incremental rotations until an end 
condition of the simulation is reached (at 290) or until 
Simulation is otherwise terminated. A more detailed descrip 
tion of the elements in the simulation loop follows. 

0088 Prior to the start of the simulation loop 240, drilling 
operation parameterS 206 are Specified. AS previously noted, 
the drilling operation parameters 206 may include the rotary 
table speed, downhole motor Speed (if a downhole motor is 
included in the BHA) and a rate of penetration (ROP) or 
hook load. In this example, the end condition for Simulation 
is also provided at 204, as either the total number of 
revolutions to be simulated or the total time for the simu 
lation. Additionally, the incremental Step desired for calcu 
lations should be defined, selected, or otherwise provided. In 
the embodiment shown, an incremental time step of At=10 
Seconds is selected. However, it should be understood that 
the incremental time Step is not intended to be a limitation 
on the invention. 

0089. Once the static state of the system is known (from 
232) and the operational parameters are provided, the 
dynamic response Simulation loop can begin. First, the 
current time increment is calculated at 241, whereint 
At. Then, the incremental rotation occurring during that time 
increment is calculated at 242. In this embodiment, RPM is 
considered an input parameter, therefore the formula used to 
calculate the incremental rotation angle at time t is A0 
1=RPM* At/60, wherein RPM is the rotational speed (in 
RPM) of the rotary table or top drive provided as input data 
(at 204). The calculated incremental rotation angle is applied 
proximal to the top of the drilling tool assembly (at the 
node(s) corresponding to the position of the rotary table). If 
a downhole motor is included in the BHA, the downhole 
motor incremental rotation is also calculated and applied at 
the nodes corresponding to the downhole motor. The addi 
tional operation parameters, Such as the hook load or ROP 
are also applied. 

0090. Once the incremental rotation angle and current 
time are determined, the System's new configuration (nodal 
positions) under the extant loads and the incremental rota 
tion is calculated (at 244) using the drilling tool assembly 
mechanics analysis model and the rotational input as an 
excitation. A direct integration Scheme can be used to Solve 
the resulting dynamic equilibrium equations for the drilling 
tool assembly. The dynamic equilibrium equation (like the 
mechanics analysis equation) can be derived using Newton's 
Second law of motion, wherein the constructed drilling tool 
assembly mass, Stiffness, and damping matrices along with 
the calculated Static equilibrium load vector can be used to 
determine the response to the incremental rotation. For the 
example shown in FIG. 7A-C, it should be understood that 
at the first time increment t the extant loads on the System 
are the static equilibrium loads (calculated for to) which 
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include the static state WOB and the constraint loads result 
ing from drilling tool assembly contact with the wall and 
bottom of the wellbore. 

0091 Those having ordinary skill in the art that account 
ing for the calculations may be done by defining forces F, 
F, F, displacements U, Uy, and U. (positional displace 
ment) and 0, 0, 0, (angular displacements) From these 
values, those of ordinary skill in the art will appreciate that 
the M. M. & M, (the torque) may be calculated for all 
positions. 

0092 Balance conditions may be established via a num 
ber of criteria Such as defining terms Such that: 

0093. Also, those having ordinary skill will appreciate 
that each element has forces, torsional displacement and 
rotational components associated with them that may be 
calculated based on the above information, using known 
finite element analysis. In one example, the bending asso 
ciated with the String may be determined from adjacent 
nodes. 

0094. As the drilling tool assembly is incrementally 
"rotated”, constraint loads acting on the bit may change. For 
example, points of the drilling tool assembly in contact with 
the borehole Surface prior to rotation may be moved along 
the surface of the wellbore resulting in friction forces at 
those points. Similarly, Some points of the drilling tool 
assembly, which were close to contacting the borehole 
Surface prior to the incremental rotation, may be brought 
into contact with the formation as a result of the incremental 
rotation. This may result in impact forces on the drilling tool 
assembly at those locations. As shown in FIG. 7A-C, 
changes in the constraint loads resulting from the incremen 
tal rotation of the drilling tool assembly can be accounted for 
in the wall interaction update loop 245. 
0095. In the example shown, once the system's response 

(i.e., new configuration) under the current loading condi 
tions is obtained, the positions of the nodes in the new 
configuration are checked at 244 in the wall constraint loop 
245 to determine whether any nodal displacements fall 
outside of the bounds (i.e., violate constraint conditions) 
defined by the wellbore wall. If nodes are found to have 
moved outside of the wellbore wall, the impact and/or 
friction forces which would have occurred due to contact 
with the wellbore wall are approximated for those nodes at 
248 using the impact and/or friction models or parameters 
provided as input at 208. Then the global load vector for the 
drilling tool assembly is updated, also at 208, to reflect the 
newly determined constraint loads. Constraint loads to be 
calculated may be determined to result from impact if, prior 
to the incremental rotation, the node was not in contact with 
the wellbore wall. Similarly, the constraint load can be 
determined to result from frictional drag if the node now in 
contact with the wellbore wall was also in contact with the 
wall prior to the incremental rotation. Once the new con 
Straint loads are determined and the global load vector is 
updated, at 248, the drilling tool assembly response is 
recalculated (at 244) for the same incremental rotation under 
the newly updated load vector (as indicated by loop 245). 
The nodal displacements are then rechecked (at 246) and the 
wall interaction update loop 245 is repeated until a dynamic 
response within the wellbore constraints is obtained. 
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0096. Once a dynamic response conforming to the bore 
hole wall constraints is determined for the incremental 
rotation, the constraint loads on the drilling tool assembly 
due to interaction with the bottomhole during the incremen 
tal rotation are determined in the bit interaction loop 250. 
Those skilled in the art will appreciate that any method for 
modeling drill bit/earth formation interaction during drilling 
may be used to determine the forces acting on the drill bit 
during the incremental rotation of the drilling tool assembly. 
An example of one method is illustrated in the bit interaction 
loop 250 in FIG. 7A-C. 
0097. In the bit interaction loop 250, the mechanics 
analysis model of the drill bit is subjected to the incremental 
rotation angle calculated for the lowest node of the drilling 
tool assembly, and is then moved laterally and Vertically to 
the new position obtained from the same calculation, as 
shown at 249. As previously noted, the drill bit in this 
example is a fixed cutter drill bit. The interaction of the drill 
bit with the earth formation is modeled in accordance with 
a method disclosed in U.S. Provisional Application No. 
60/485,642, which as been incorporated herein by reference. 
Thus, in this example, once the rotation and new position for 
the bit node are known, they are used as input to the drill bit 
model and the drill bit model is used to calculate the new 
position for each of the cutting elements on the drill bit 252. 
The location of each cutting element relative to the bottom 
hole and wall of the wellbore is evaluated, at 254, to 
determine for each cutting element whether cutting element 
interference with the formation occurred during the incre 
mental movement of the bit. 

0.098 If cutting element contact is determined to have 
occurred with the earth formation, Surface contact area 
between the cutter and the earth formation is calculated 
along with the depth of cut and the contact edge length of the 
cutter, and the orientation of the cutting face with respect to 
the formation (e.g., back rake angle, Side rake angle, etc.) at 
255. The depth of cut is the depth below the formation 
Surface that a cutting element contacts earth formation, 
which can range from Zero (no contact) to the full height of 
the cutting element. Surface area contact is the fractional 
amount of the cutting Surface area out of the entire area 
corresponding to the depth of cut that actually contacts earth 
formation. This may be a fractional amount of contact due 
to cutting element grooves formed in the formation from 
previous contact with cutting elements. The contact edge 
length is the distance between furthest points on the edge of 
the cutter in contact with formation at the formation Surface. 
Scraping distance takes into account the movement of the 
cutting element in the formation during the incremental 
rotation. 

0099. Once the depth of cut, Surface contact area, contact 
edge length, and Scraping distance are determined for a 
cutting element these parameters can be Stored and used 
along with the cutting element/formation interaction data to 
determine the resulting forces acting on the cutting element 
during the incremental movement of the bit (at 256). For 
example, in accordance a simulation method described in 
U.S. Provisional Application No. 60/485,642 noted above, 
resulting forces on each of the cutters can be determined 
using cutter/formation interaction data Stored in a data 
library involving a cutter and formation pair Similar to the 
cutter and earth formation interacting during the Simulated 
drilling. Values calculated for interaction parameters (depth 

May 5, 2005 

of cut, interference Surface area, contact edge length, back 
rack, Side rake, and bevel size) during drilling are used to 
determine the corresponding forces required on the cutters to 
cut through the earth formation. In cases where the cutting 
element makes less than full contact with the earth formation 
due to grooves in the formation Surface, an equivalent depth 
of cut and equivalent contact edge length is calculated to 
correspond to the interference Surface area and these values 
are used to determine the forces required on the cutting 
element during drilling. 

0100. Using the cutting element/formation interaction 
variables (contact area, depth of cut, force, etc.) determined 
for cutting elements, the geometry of the bottom Surface of 
the wellbore is temporarily updated, at 264, to reflect the 
removal of formation by each cutting element during the 
incremental rotation of the drill bit. 

0101. After the bottomhole geometry is temporarily 
updated, cutting element wear and Strength can also be 
analyzed, as shown at 259, based on wear models and 
calculated loads on the cutting elements to determine wear 
on the cutting elements resulting from contact with the 
formation and the resulting reduction in cutting element 
Strength. 

0102 Once interaction of all of the cutting elements on a 
blade is determined, blade interaction with the formation 
may be determined by checking the node displacements at 
the blade surface at 262, to determine if any of the blade 
nodes are out of bounds or make contact with the wellbore 
wall or bottomhole Surface. If blade contact is determined to 
occur during the incremental rotation, the contact area and 
depth of penetration of the blade are calculated (at 264) and 
used to determine corresponding interaction forces on the 
blade Surface resulting from the contact. Once forces result 
ing from blade contact with the formation are determined, or 
it is determined that no blade contact has occurred, the total 
interaction forces on the blade during the incremental rota 
tion are calculated by Summing all of the cutting element 
forces and any blade surface forces on the blade, at 274. 

0103) Once the interaction forces on each blade are 
determined, any forces resulting from contact of the bit body 
with the formation may also be determined and then the total 
forces acting on the bit during the incremental rotation 
calculated and used to determine the dynamic weight on bit 
278. The newly calculated bit interaction forces are then 
used to update the global load vector at 279, and the 
response of the drilling tool assembly is recalculated at 280 
under the updated loading condition. The newly calculated 
response is then compared to the previous response at 282 to 
determine if the responses are Substantially similar. If the 
responses are determined to be Substantially similar, then the 
newly calculated response is considered to have converged 
to a correct Solution. However, if the responses are not 
determined to be substantially similar, then the bit interac 
tion forces are recalculated based on the latest response at 
284 and the global load vector is again updated at 284. Then, 
a new response is calculated by repeating the entire response 
calculation (including the wellbore wall constraint update 
and drill bit interaction force update) until consecutive 
responses are obtained which are determined to be Substan 
tially similar (indicated by loop 285), thereby indicating 
convergence to the Solution for dynamic response to the 
incremental rotation. 
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0104. Once the dynamic response of the drilling tool 
assembly to an incremental rotation is obtained from the 
response force update loop 285, the bottomhole surface 
geometry is then permanently updated at 286 to reflect the 
removal of formation corresponding to the Solution. At this 
point, output information desired from the incremental 
Simulation Step can be Stored and/or provided as output. For 
example, the Velocity, acceleration, position, forces, bending 
moments, torque, of any node in the drill String may be 
provided as output from the Simulation. Additionally, the 
dynamic WOB, cutting element forces, resulting cutter wear, 
blade forces, and blade or bit body contact points may be 
output from the Simulation. 
0105 The dynamic response simulation loop as 
described above is then repeated for Successive incremental 
rotations of the bit until an end condition of the simulation 
is satisfied at 290. For example, using the total number of bit 
revolutions to be simulated as the termination command, the 
incremental rotation of the drilling tool assembly and Sub 
Sequent iterative calculations of the dynamic response Simu 
lation loop will be repeated until the selected total number 
of revolutions to be simulated is reached. Repeating the 
dynamic response Simulation loop as described above will 
result in Simulating the performance of an entire drilling tool 
assembly drilling earth formations with continuous updates 
of the bottomhole pattern as drilled, thereby simulating the 
drilling of the drilling tool assembly in the selected earth 
formation. Results of the simulation may be provided and 
used to generate graphical displayS characterizing the Simu 
lated performance information at 294 characterizing the 
performance of the drilling tool assembly drilling the 
Selected earth formation under the Selected drilling condi 
tions. It should be understood that the simulation can be 
Stopped using any desired termination indicator, Such as a 
Selected final depth for drilling, an indicated divergence of 
a Solution (if checked), etc. 
0106 AS noted above, output information from a 
dynamic Simulation of a drilling tool assembly drilling an 
earth formation may include, for example, the drilling tool 
assembly configuration (or response) obtained for each time 
increment, and corresponding cutting element forces, blade 
forces, bit forces, impact forces, friction forces, dynamic 
WOB, bending moments, displacements, vibration, resulting 
bottomhole geometry, and more. This output information 
may be presented in the form of a Visual representation, Such 
as a visual representation of the borehole being drilled 
through the earth formation with continuous updated bot 
tomhole geometries and the dynamic response of the drilling 
tool assembly to drilling presented on a computer Screen. 
Alternatively, the visual representation may include graphs 
of performance parameters calculated or otherwise obtained 
during the Simulation. For example, a time history of the 
dynamic WOB or the wear on cutting elements during 
drilling may be graphic displayed to a designer. The means 
used for Visually displaying performance aspects of the 
Simulated drilling is a matter of convenience for the System 
designer, and not a limitation on the invention. 
0107 One example of output data converted to a visual 
representation is illustrated in FIG. 12, wherein the rotation 
of the drilling tool assembly and corresponding drilling of 
the formation is graphically illustrated as a visual display of 
drilling and desired parameters calculated during drilling 
can be numerically displayed. 
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0108. The dynamic model of the drilling tool assembly 
described above advantageously allows for Six degrees of 
freedom of moment for the drill bit. In one or more embodi 
ments, methods in accordance with the above description 
can be used to calculate and accurately predict the axial, 
lateral, and torsional vibrations of drill Strings when drilling 
through earth formation, as well as bit whirl, bending 
Stresses, and other dynamic indicators of performance for 
components of a drilling tool assembly. 

0109 Embodiments of the present invention advanta 
geously provide the ability to model inhomogeneous regions 
and transition layers. With respect to inhomogeneous 
regions, Sections of formation may be modeled as nodules or 
beams of different material embedded into a base material, 
for example. That is, a user may define a Section of a 
formation as including various non-uniform regions, 
whereby several different types of rock are included as 
discrete regions within a single Section. 
0110 FIG. 13 shows one example of an input screen that 
allows a user to input information regarding the inhomoge 
nity of a particular formation. In particular, FIG. 13 shows 
one example of parameters that a user may input to define a 
particular inhomogeneous formation. In particular, the user 
may define the number, Size, and material properties of 
discrete regions (which may be selected to take the form of 
nodules within a base material), within a Selected base 
region. Those having ordinary skill in the art will appreciate 
that a number of different parameters may be used to define 
an inhomogeneous region within a formation, and no restric 
tion on the Scope of the present invention is intended by 
reference to the parameters shown in FIG. 13. 
0111. With respect to multilayer formations, embodi 
ments of the present invention advantageously simulate 
transitional layerS appearing between different formation 
layers. AS those having ordinary skill will appreciate, in real 
World applications, it is often the case that a single bit will 
drill various strata of rock. Further, the transition between 
the various Strata is not discrete, and can take up to Several 
thousands of feet before a complete delineation of layerS is 
seen. This transitional period between at least two different 
types of formation is called a “transitional layer,” in this 
application. 

0112 Significantly, embodiments of the present inven 
tion recognize that when drilling through a transitional layer, 
the bit will “bounce’ up and down as cutters start to hit the 
new layer, until all of the cutters are completely engaged 
with the new layer. As a result, drilling through the transi 
tional layer mimics the behavior of a dynamic Simulation. AS 
a result, forces on the cutter, blade, and bit dynamically 
change. FIG. 14 shows a graphic display of a bottomhole 
pattern generated during drilling of a transitional layer. In 
particular, FIG. 14 shows that the simulation is dynamic and 
accounts for response of bit while drilling through transition 
region. 

0113 FIGS. 15A and B illustrate other graphical displays 
that may be produced by embodiments of the present 
invention. Within the program, the earth formation being 
drilled may be defined as comprising a plurality of layers of 
different types of formations with different orientation for 
the bedding planes, Similar to that expected to be encoun 
tered during drilling. One example the earth formation being 
drilled being defined as layers of different types of forma 
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tions is illustrated in FIGS. 16B and 16C. In these illus 
trations, the boundaries (bedding orientations) separating 
different types of formation layers are shown. The location 
of the boundaries for each type of formation is known. 
During drilling the location of each of the cutters is also 
known. Therefore, a simulation program having an earth 
formation defined as shown will accesses data from the 
cutter/formation interaction database based on the type of 
cutter on the bit and the particular formation type being 
drilled by the cutter at that point during drilling. The type of 
formation being drilled will change during the Simulation as 
the bit penetrates through the earth formations during drill 
ing. In addition to showing the different types of formation 
being drilled, the graph in FIG. 6C also shows the calculated 
ROP. 

0114 Visual representation generated by a program in 
accordance with one or more embodiments of the invention 
may include graphs and charts of any of the parameters 
provided as input, any of the parameters calculated during 
the Simulation, or any parameters representative of the 
performance of the selected drill bit drilling through the 
Selected earth formation. In addition to the graphical dis 
plays discussed above, other examples of graphical displayS 
generated by one implementation of a simulation program in 
accordance with an embodiment of the invention are shown 
in FIGS. 16D-16G. FIG. 16D shows a visual display of the 
overlapping cutter profile for the bit provided as input, a 
layout for cutting elements on blade one of the bit, and a user 
interface Screen that accepts as input bit geometry data from 
a SC. 

0115 FIG. 16E shows a perspective view (with the bit 
body not shown for clarity) of the cutters on the bit with the 
forces on the cutters of the bit indicated. In this implemen 
tation, the cutters was meshed as is typically done in finite 
element analysis and the forces on each element of the 
cutters was determined and the interference areas for each 
element are illustrated by colors indicating the magnitude of 
the depth of cut on the element and forces on each cutter are 
represented by color arrows and digital numbers adjacent to 
the arrows. The visual display shown in FIG. 16E also 
includes a display of drilling parameter values, including the 
weight on bit, bit torque, RPM, interred rock strength, hole 
origin depth, rotation hours, penetration rate, percentage of 
the imbalance force with respect to weight on bit, and the 
tangential (axial), radial and circumferential imbalance 
forces. The Side rake imbalance force is the imbalance force 
caused by the Side rake angle only, which is included in the 
tangential, radial, and circumferential imbalance force. 
0116 A visual display of the force on each of the cutters 
is shown in closer detail in FIG. 16G, wherein, similar to 
display shown FIG.16E, the magnitude or intensity of the 
depth of cut on each of the element Segments of each of the 
cutters is illustrated by color. In this display, the designations 
“C1-B1” provided under the first cutter shown indicates that 
this is the calculated depth of cut on the first cutter (“cutter 
1') on blade 1. FIG. 6F shows a graphical display of the area 
cut by each cutter on a Selected blade. In this implementa 
tion, the program is adapted to allow a user to toggle 
between graphical displays of cutter forces, blade forces, cut 
area, or wear flat area for cutters on any one of the blades of 
the bit. In addition to graphical displays of the forces on the 
individual cutters (illustrated in FIGS. 16E and 16G), 
Visual displayS can also be generated Showing the forces 
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calculated on each of the blades of the bit and the forces 
calculated on the drill bit during drilling. The type of 
displays illustrated herein is not a limitation of the invention. 
The means used for visually displaying aspects of Simulated 
drilling is a matter of convenience for the System designer, 
and is not a limitation of the invention. 

0117 Examples of geometric models of a fixed cutter 
drill bit generated in one implementation of the invention are 
shown in FIGS. 16A, and 16C-16E. In all of these examples, 
the geometric model of the fixed cutter drill bit is graphically 
illustrated as a plurality of cutters in a contoured arrange 
ment corresponding to their geometric location on the fixed 
cutter drill bit. The actual body of the bit is not illustrated in 
these figures for clarity So that the interaction between the 
cutters and the formation during Simulated drilling can be 
shown. 

0118. Examples of output data converted to visual rep 
resentations for an embodiment of the invention are pro 
vided in FIGS. 16A-16G. These figures include area ren 
ditions representing 3-dimensional objects preferably 
generated using means Such as OPEN GL a 3-dimensional 
graphics language originally developed by Silicon Graphics, 
Inc., and now a part of the public domain. For one embodi 
ment of the invention, this graphics language was used to 
create executable files for 3-dimensional visualizations. 
FIGS. 16C-16D show examples of visual representations of 
the cutting structure of a Selected fixed cutter bit generated 
from defined bit design parameters provided as input for a 
Simulation and converted into visual representation param 
eters for Visual display. AS previously Stated, the bit design 
parameters provided as input may be in the form of 3-di 
mensional CAD solid or surface models. Alternatively, the 
Visual representation of the entire bit, bottomhole Surface, or 
other aspects of the invention may be visually represented 
from input data or based on Simulation calculations as 
determined by the System designer. 

0119 FIG. 16A shows one example of the characteriza 
tion of formation removal resulting from the Scraping and 
Shearing action of a cutter into an earth formation. In this 
characterization, the actual cuts formed in the earth forma 
tion as a result of drilling is shown. 

0120 FIG. 16F-16G show examples of graphical dis 
plays of output for an embodiment of the invention. These 
graphical displays were generated to allow the analysis of 
effects of drilling on the cutters and on the bit. 

0121 FIGS. 16A-16G are only examples of visual rep 
resentations that can be generated from output data obtained 
using an embodiment of the invention. Other visual repre 
Sentations, Such as a display of the entire bit drilling an earth 
formation or other visual displayS, may be generated as 
determined by the System designer. Graphical displays gen 
erated in one or more embodiments of the invention may 
include a Summary of the number of cutters in contact with 
the earth formation at given points in time during drilling, a 
Summary of the forces acting on each of the cutters at given 
instants in time during drilling, a mapping of the cumulative 
cutting achieved by the various Sections of a cutter during 
drilling displayed on a meshed image of the cutter, a 
Summary of the rate of penetration of the bit, a Summary of 
the bottom of hole coverage achieved during drilling, a plot 
of the force history on the bit, a graphical Summary of the 
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force distribution on the bit, a Summary of the forces acting 
on each blade on the bit, the distribution of force on the 
blades of the bit. 

0.122 FIG. 16A shows a three dimensional visual display 
of Simulated drilling calculated by one implementation of 
the invention. Clearly depicted in this visual display are 
expected cuts in the earth formation resulting from the 
calculated contact of the cutters with the earth formation 
during Simulated drilling. This display can be updated in the 
Simulation loop as calculations are carried out, and/or visual 
representation parameters, Such as parameters for a bottom 
hole Surface, used to generate this display may be stored for 
later display or for use as determined by the System designer. 
It should be understood that the form of display and timing 
of display is a matter of convenience to be determined by the 
System designer, and, thus, the invention is not limited to any 
particular form of Visual display or timing for generating 
displayS. 
0123 Those skilled in the art will appreciate that numer 
ous other embodiments of the invention can be devised 
which do not depart from the Scope of the invention as 
claimed. For example, alternative method can be used to 
account for dynamic load changes in constraint forces 
during incremental rotation of a drill String drilling through 
earth formation. For example, instead of using a finite 
element method, a finite difference method or a weighted 
residual method can be used to model the drilling tool 
assembly. Similarly, embodiments of the invention may be 
developed using other methods to determining the forces on 
a drill bit interacting with earth formation or other methods 
for determining the dynamic response of the drilling tool 
assembly to the drilling interaction of a bit with earth 
formation. For example, other method may be used to 
predict constraint forces on the drilling tool assembly or to 
determine values of the constraint forces resulting from 
impact or frictional contact with the wellbore. 
0.124 FIGS. 17-25 illustrate various graphical displays 
that can be produced in embodiments of the present inven 
tion. Those having ordinary skill in the art will recognize 
that a number of different means may be used to visually 
display the various data calculated by the methods disclosed. 
In particular, Spectrum plots, box and whisker plots, and 
history plots may be used in various embodiments of the 
present invention. 
0.125 Additionally, in another embodiment, a desired 
WOB can be provided as input instead of a hook load and 
used to calculate the load required at the top of the drill 
string to obtain a WOB close to that desired. The corre 
sponding ROP can also be calculated. 
0.126 Additionally, any wear model known in the art may 
be used with embodiments of the invention. Further, modi 
fied versions of the method described above for determining 
forces resulting from cutting element interaction with the 
bottomhole Surface may be used, including analytical, 
numerical, or experimental methods. Additionally, methods 
in accordance with the invention described above may be 
adapted and used with any model of a downhole cutting tool 
to determine the dynamic response of a drilling tool assem 
bly to the cutting interaction of the downhole cutting tool. 

Methods for Designing a Drilling Tool Assembly 
0127. In another aspect, the invention provides a method 
for designing a drilling tool assembly for drilling earth 
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formations. For example, the method may include Simulat 
ing a dynamic response of a drilling tool assembly, adjusting 
the value of at least one drilling tool assembly design 
parameter, repeating the Simulating, and repeating the 
adjusting and the Simulating until a value of at least one 
drilling performance parameter is determined to be an 
optimal value. 
0128 Methods in accordance with this aspect of the 
invention may be used to analyze relationships between 
drilling tool assembly design parameters and drilling per 
formance of a drilling tool assembly. This method also may 
be used to design a drilling tool assembly having enhanced 
drilling characteristics. Further, the method may be used to 
analyze the effect of changes in a drilling tool configuration 
on drilling performance. Additionally, the method may 
enable a drilling tool assembly designer or operator to 
determine an optimal value of a drilling tool assembly 
design parameter for drilling at a particular depth or in a 
particular formation. 
0129. Examples of drilling tool assembly design param 
eters include the type and number of components included 
in the drilling tool assembly; the length, ID, OD, weight, and 
material properties of each component; and the type, Size, 
weight, configuration, and material properties of the drill bit; 
and the type, Size, number, location, orientation, and mate 
rial properties of the cutting elements on the bit. Material 
properties in designing a drilling tool assembly may include, 
for example, the Strength, elasticity, density, wear resistance, 
hardness, and toughness of the material. It should be under 
stood that drilling tool assembly design parameters may 
include any other configuration or material parameter of the 
drilling tool assembly without departing from the Spirit of 
the invention. 

0.130. Examples of drilling performance parameters 
include rate of penetration (ROP), rotary torque required to 
turn the drilling tool assembly, rotary Speed at which the 
drilling tool assembly is turned, drilling tool assembly 
vibrations induced during drilling (e.g., lateral and axial 
vibrations), weight on bit (WOB), and forces acting on the 
bit, cutting Support Structure, and cutting elements. Drilling 
performance parameters may also include the inclination 
angle and azimuth direction of the borehole being drilled. 
One skilled in the art will appreciate that other drilling 
performance parameters exist and may be considered as 
determined by the drilling tool assembly designer without 
departing from the Scope of the invention. 
0131. In one application of this aspect of the invention, 
illustrated in FIG. 8, the method comprises defining, select 
ing or otherwise providing initial input parameters at 300 
(including drilling tool assembly design parameters). The 
method further comprises Simulating the dynamic response 
of the drilling tool assembly at 310, adjusting at least one 
drilling tool assembly design parameter at 320, and repeat 
ing the simulating of the drilling tool assembly 330. The 
method also comprises evaluating the change in value of at 
least one drilling performance parameter 340, and based on 
that evaluation, repeating the adjusting, the Simulating, and 
the evaluating until at least one drilling performance param 
eter is optimized. 

0.132. As shown in the more detailed example of FIG. 9, 
the initial parameters 400 may include initial drilling tool 
assembly parameters 402, initial drilling environment 
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parameters 404, drilling operating parameters 406, and 
drilling tool assembly/drilling environment interaction 
parameters and/or models 408. These parameters may be 
Substantially the same as the input parameters described 
above for the previous aspect of the invention. 
0133. In this example, simulating 411 comprises con 
Structing a mechanics analysis model of the drilling tool 
assembly 412 based on the drilling tool assembly parameters 
402, determining System constraints at 414 using the drilling 
environment parameters 404, and then using the mechanics 
analysis model along with the System constraints to Solve for 
the initial static state of the drilling tool assembly in the 
drilling environment 416. Simulating 411 further comprises 
using the mechanics analysis model along with the con 
Straints and drilling operation parameters 406 to incremen 
tally solve for the response of the drilling tool assembly to 
rotational input from a rotary table 418 and/or downhole 
motor, if used. In Solving for the dynamic response, the 
response is obtained for Successive incremental rotations 
until an end condition signaling the end of the Simulation is 
detected. 

0134) Incrementally solving for the response may also 
include determining, from drilling tool assembly/environ 
ment interaction information, loads on the drilling tool 
assembly during the incremental rotation resulting from 
changes in interaction between the drilling tool assembly 
and the drilling environment during the incremental rotation, 
and then recalculating the response of the drilling tool 
assembly under the new constraint loads. Incrementally 
Solving may further include repeating, if necessary, the 
determining loads and the recalculating of the response until 
a Solution convergence criterion is Satisfied. 
0135 Examples for constructing a mechanics analysis 
model, determining initial System constraints, determining 
the initial Static State, and incrementally Solving for the 
dynamic response of the drilling tool assembly are described 
in detail for the previous aspect of the invention. 
0136. In the present example shown in FIG. 9, adjusting 
at least one drilling tool assembly design parameter 426 
comprises changing a value of at least one drilling tool 
assembly design parameter after each Simulation by data 
input from a file, data input from an operator, or based on 
calculated adjustment factors in a Simulation program, for 
example. 
0.137 Drilling tool assembly design parameters may 
include any of the drilling tool assembly parameters noted 
above. Thus in one example, a design parameter, Such as the 
length of a drill collar, can be repeatedly adjusted and 
simulated to determine the effects of BHA weight and length 
on a drilling performance parameter (e.g., ROP). Similarly, 
the inner diameter or outer diameter of a drilling collar may 
be repeatedly adjusted and a corresponding change response 
obtained. Similarly, a Stabilizer or other component can be 
added to the BHA or deleted from the BHA and a corre 
sponding change in response obtained. Further, a bit design 
parameter may be repeatedly adjusted and corresponding 
dynamic responses obtained to determine the effect of 
changing one or more drill bit design parameters, Such as the 
cutting Support structure profile (e.g., cone or blade profile), 
cutting element shape and size, and/or orientation, on the 
drilling performance of the drilling tool assembly. 
0.138. In the example of FIG. 9, repeating the simulating 
411 for the “adjusted” drilling tool assembly comprises 
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constructing a new (or adjusted) mechanics analysis model 
(at 412) for the adjusted drilling tool assembly, determining 
new System constraints (at 414), and then using the adjusted 
mechanics analysis model along with the corresponding 
system constraints to solve for the initial static state (at 416) 
of the of the adjusted drilling tool assembly in the drilling 
environment. Repeating the Simulating 411 further com 
prises using the mechanics analysis model, initial condi 
tions, and constraints to incrementally Solve for the response 
of the adjusted drilling tool assembly to Simulated rotational 
input from a rotary table and/or a downhole motor, if used. 
0.139. Once the response of the previous assembly design 
and the response of the current assembly design are 
obtained, the effect of the change in value of at least one 
design parameter on at least one drilling performance 
parameter can be evaluated (at 422). For example, during 
each Simulation, values of desired drilling performance 
parameters (WOB, ROP, impact loads, axial, lateral, or 
torsional vibration, etc.) can be calculated and stored. Then, 
these values or other factors related to the drilling response, 
can be analyzed to determine the effect of adjusting the 
drilling tool assembly design parameter on the value of the 
at least one drilling performance parameter. 
0140. Once an evaluation of at least one drilling param 
eter is made, based on that evaluation the adjusting and the 
Simulating may be repeated until it is determined that the at 
least one drilling performance parameter is optimized or an 
end condition for optimization has been reached (at 424). A 
drilling performance parameter may be determined to be at 
an optimal value when a maximum rate of penetration, a 
minimum rotary torque for a given rotation Speed, and/or 
most even weight on bit is determine for a Set of adjustment 
variables. Other drilling performance parameters, Such as 
minimized axial or lateral impact force or evenly distribut 
ing forces bout the cutting Structure of a bit can also be used. 
A simplified example of repeating the adjusting and the 
Simulating based on evaluation of consecutive responses is 
as follows. 

0141 Assume that the BHA weight is the drilling tool 
assembly design parameter to be adjusted (for example, by 
changing the length, equivalent ID, OD, adding or deleting 
components), and ROP is the drilling performance param 
eter to be optimized. Therefore, after obtaining a first 
response for a given drilling tool assembly configuration, the 
weight of the BHA can be increased and a Second response 
can be obtained for the adjusted drilling tool assembly. The 
weight of the BHA can be increased, for example, by 
changing the ID for a given OD of a collar in the BHA (will 
ultimately affect the System mass matrix). Alternatively, the 
weight of the BHA can be increased by increasing the 
length, OD, or by adding a new collar to the BHA (will 
ultimately affect the System stiffness matrix). In either case, 
changes to the drilling tool assembly will affect the mechan 
ics analysis model for the System and the resulting initial 
conditions. Therefore, the mechanics analysis model and 
initial conditions will have to be re-determined for the new 
configuration before a Solution for the Second response can 
be obtained. Once the Second response is obtained, the two 
responses (one for the old configuration, one for the new 
configuration) can be compared to determine which con 
figuration (BHA weight) resulted in the most favorable (or 
greater) ROP. If the second configuration is found to result 
in a greater ROP, then the weight of the BHA may be further 
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increased, and a (third) response for the newer configura 
tion) may be obtained and compared to the Second. Alter 
natively, if the increase in the weight of the BHA is found 
to result in a decrease in the ROP, then the drilling tool 
assembly design may be readjusted to decrease the BHA 
weight to a value lower than that set for the first drilling tool 
assembly configuration and a (third) response may be 
obtained and compared to the first. This adjustment, recal 
culation, evaluation may be repeated until it is determined 
that an optimal or desired value of at least one drilling 
performance parameter, Such as ROP in this case, is 
obtained. 

0142 Advantageously, embodiments of the invention 
may be used to analyze the relationship between drilling tool 
assembly design parameters and drilling performance in a 
Selected drilling environment. Additionally, embodiments of 
the invention may be used to design a drilling tool assembly 
having optimal drilling performance for a given Set of 
drilling conditions. Those skilled in the art will appreciate 
that other embodiments of the invention exist which do not 
depart from the Spirit of this aspect of the invention. 

Method for Optimizing Drilling Performance 

0143. In another aspect, the invention provides a method 
for determining optimal drilling operating parameters for a 
Selected drilling tool assembly. In one embodiment, this 
method includes simulating a dynamic response of a drilling 
tool assembly, adjusting the value of at least one drilling 
operating parameters, repeating the Simulating, and repeat 
ing the adjusting and the Simulating until a value of at least 
one drilling performance parameter is determined to be an 
optimal value. 
0144. The method in accordance with this aspect of the 
invention may be used to analyze relationships between 
drilling operating parameters and the drilling performance of 
a Selected drilling tool assembly. The method also may be 
used to improve the drilling performance of a Selected 
drilling tool assembly. Further, the method may be used to 
analyze the effect of changes in drilling operating param 
eters on the drilling performance of the Selected drilling tool 
assembly. Additionally, the method in accordance with this 
aspect of the invention may enable the drilling tool assembly 
designer or operator to determine optimal drilling operating 
parameters for a Selected drilling tool assembly drilling a 
particular depth or in a particular formation. 
0145 AS previously explained, drilling operating param 
eters include, for example, rotational Speed at which the 
drilling tool assembly is turned, or rotary torque applied to 
turn the drilling tool assembly, rate of penetration (ROP), 
hook load (which is one of the major factors to influence 
WOB), drilling fluid flow rate, and material properties of the 
drilling fluid (e.g., Viscosity, density, etc.). It should be 
understood that drilling parameters may include any drilling 
environment or drilling operating parameters which may 
affect the drilling performance of a drilling tool assembly 
without departing from the Spirit of the invention. 
0146 Drilling performance parameters that may be con 
sidered in optimizing the design of a drilling tool assembly 
may include, for example, the ROP, rotary torque required to 
turn the drilling tool assembly, rotary Speed at which the 
drilling tool assembly is turned, drilling tool assembly 
vibrations (in terms of velocities, accelerations, etc.), WOB, 
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lateral force, moments, etc. on the bit, lateral and axial 
forces, moments, etc. on the cones, and lateral and axial 
forces on the cutting elements. It should be understood that 
during Simulation Velocity and displacement are calculated 
for each node point and can be used to calculate force/ 
acceleration as an indicator of drilling tool assembly vibra 
tions. One skilled in the art will appreciate that other 
parameters which can be used to evaluate drilling perfor 
mance exist and may be used as determined by the drilling 
tool assembly designer without departing from the Spirit of 
the invention. 

0147 FIG. 10 shows a flow chart for one example of a 
method for determining at least one optimal drilling oper 
ating parameter for a Selected drilling tool assembly. In this 
example, the method comprises defining, Selecting or oth 
erwise providing initial input parameters at 500 (including 
drilling tool assembly design parameters and drilling oper 
ating parameter) which describe various aspects of the initial 
System. The method further comprises Simulating the 
dynamic response of a drilling tool assembly at 510, adjust 
ing at least one drilling operating parameter at 520, and 
repeating the simulating of the drilling tool assembly at 530. 
The method also comprises evaluating the change in value 
of at least one drilling performance parameter 540, and 
based on that evaluation, repeating the adjusting 520, the 
simulating 530, and the evaluating 540 until at least one 
drilling performance parameter is optimized. 

0.148. Another example of such a method is shown in 
FIG. 11. In this example, the initial parameters 600 include 
initial drilling tool assembly parameters 602, initial drilling 
environment parameters 604, initial drilling operating 
parameters 606, and drilling tool assembly/drilling environ 
ment interaction parameters and/or models 608. These 
parameters may be Substantially the same as those described 
for the first aspect of the invention discussed above. 
0149. In this example, once the input parameters 600 are 
provided, the input parameters 600 are used to construct a 
mechanics analysis model (at 612) of the drilling tool 
assembly and used to determine System constraints (at 614) 
(wellbore wall and bottom surface constraints). Then, the 
mechanics analysis model and System constraints are used to 
determine the initial conditions (at 616) on the drilling tool 
assembly inserted in the Wellbore. Examples for construct 
ing a mechanics analysis model of a drilling tool assembly 
and determining initial constraints and initial conditions are 
described in detail above for the first aspect of the invention. 
0150. In the example shown in FIG. 11, simulating the 
dynamic response 618 comprises using the mechanics analy 
sis model along with the initial constraints and initial 
conditions to incrementally Solve for the dynamic response 
of the drilling tool assembly to Simulated rotational input 
from a rotary table or top drive (at 618) and/or downhole 
motor. The dynamic response to Successive incremental 
rotations is incrementally obtained until an end condition 
Signaling the end of the Simulation is detected. 
0151. Incrementally solving for the response may include 
iteratively determining, from drilling tool assembly/environ 
ment interaction data or models, new drilling environment 
interaction forces on the drilling tool assembly resulting 
from changes in interaction between the drilling tool assem 
bly and the drilling environment during the incremental 
rotation, and then recalculating the response of the drilling 
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tool assembly to the incremental rotation under the newly 
calculated constraint loads. Incrementally Solving may fur 
ther include repeating, if necessary, the determining and the 
recalculating until a constraint load convergence criterion is 
Satisfied. An example of incrementally Solving for the 
response as described here is presented in detail for the first 
aspect of the invention. 
0152. At least one drilling operating parameter may be 
adjusted (at 626) as discussed above for the previous aspect 
of the invention, Such as by reading in a new value from a 
data file, data input from an operator, or calculating adjust 
ment values based on evaluation of responses corresponding 
to previous values, for example. Similarly, drilling perfor 
mance parameter(s) adjusted may be any parameter effecting 
the operation of drilling without departing from the Spirit of 
the invention. In Some cases, adjusted drilling parameters 
may be limited to only particular parameters. For example, 
the drilling tool assembly designer/operator may concentrate 
only on the effect of the rotary speed and hook load (or 
WOB) on drilling performance, in which case only param 
eters effecting the rotary speed or hook load (or WOB) may 
be adjustable. 

0153. In the example shown in FIG. 11, repeating the 
Simulating 618 comprises at least recalculating the response 
of the drilling tool assembly to the adjusted drilling oper 
ating conditions. However, if an adjustment is made to a 
drilling operating parameter that affects the drilling envi 
ronment, Such as the Viscosity or density of drilling fluid, 
repeating the Simulation may comprise first determining a 
new System global damping matrix and global load vectors 
and then using the newly updated mechanics analysis model 
to incrementally Solve for the response of the drilling tool 
assembly to simulated rotation under the new drilling oper 
ating conditions. However, if the adjustment made to a 
drilling operating parameters does not affect the drilling 
environment, which may typically be the case (e.g., rotation 
Speed of the rotary table), repeating the Simulation may only 
comprise Solving for the dynamic response of the drilling 
tool assembly to the adjusted operating conditions and the 
same initial conditions (the static equilibrium State) by using 
the mechanics analysis model. 
0154). Similar to the previous aspect, once a response for 
the previous adjusted operating parameters and a response 
for the current adjusted operating parameters are obtained, 
the effect the change in value of the drilling operating 
parameter on drilling performance can be evaluated (at 622). 
For example, during each Simulation values of desired 
drilling performance parameters (WOB, ROP, impact loads, 
optimized force distribution on cutting elements, optimized/ 
balanced for distribution on cones for roller cone bits, 
optimized force distribution on lades for PDC bits, etc.) can 
be calculated. Then, these values or other factors related to 
the response (Such as vibration parameters) can be analyzed 
to determine the effect of adjusting the drilling operating 
parameter on the value of at least one drilling performance 
parameter. 

O155 Optimization criteria may include optimizing the 
force distribution on cutting elements, maximizing the rate 
of penetration (ROP), minimizing the WOB required to 
obtain a given ROP, minimizing lateral impact force, etc. In 
addition, for roller cone drill bits, optimization criteria may 
also include optimizing or balancing force distribution on 
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cones. For fixed-cutter bits, such as PDC bits, optimization 
criteria may also include optimizing force distribution on the 
blades or among the blades. 
0156 Once an evaluation of the least one drilling oper 
ating parameter is made, based on that evaluation the 
adjusting and the Simulating may be repeated until it is 
determined that at least one drilling performance parameter 
is optimized, or until an end condition for optimization is 
reached. AS noted for the previous aspect, a drilling perfor 
mance parameter may be determined to be at an optimal 
value when, for example, a maximum rate of penetration, a 
minimum rotary torque for a given rotation Speed, and/or 
most even weight on bit is determine for a Set of adjustment 
variables. Additionally, an end condition for optimization 
may include determining when a change in the operation 
value no long results in an improvement in the drilling 
performance of the drilling tool assembly. A simplified 
example of repeating the adjusting, the Simulating, and the 
evaluating until a drilling performance parameter is opti 
mized is as follows. 

O157 For example, if after obtaining a first response, the 
hook load is decreased (which ultimately increases the 
WOB), and then a second response is obtained for the 
decreased hook load, the ROP of the two responses can be 
compared. If the Second response is found to have a greater 
ROP than the first (i.e., decreased hook load is shown to 
increase ROP), the hook load may be further decrease and 
a third response may be obtained and compared to the 
Second. This adjustment, resimulation, evaluation may be 
repeated until the point at which decrease in hook load 
provides maximum ROP is obtained. Alternatively, if the 
decrease in hook load is found to result in an decrease in the 
ROP, then the hook load may be increased to value higher 
than the value of the hook load for the first simulation, and 
a third response may be obtained and compared with the first 
(having the more favorable ROP). This adjustment, resimu 
lation, evaluation may be repeated until it is determined that 
further increase in hook load provides no further benefit in 
the ROP 

0158 Advantageously, embodiments of the invention 
may be used to analyze the relationship between drilling 
parameters and drilling performance for a Select drilling tool 
assembly drilling a particular earth formation. Additionally, 
embodiments of the invention may be used to optimize the 
drilling performance of a given drilling tool assembly. Those 
skilled in the art will appreciate that other embodiments of 
the invention exist which do not depart from the spirit of this 
aspect of the invention. 
0159 Further, it should be understood that regardless of 
the complexity of a drilling tool assembly or the trajectory 
of the wellbore in which it is to be constrained, the invention 
provides reliable methods that can be used for predicting the 
dynamic response of the drilling tool assembly drilling an 
earth formation. The invention also facilitates designing a 
drilling tool assembly having enhanced drilling perfor 
mance, and helps determine optimal drilling operating 
parameters for improving the drilling performance of a 
Selected drilling tool assembly. 

0160 While the invention has been described with 
respect to a limited number of embodiments and examples, 
those skilled in the art will appreciate that other embodi 
ments can be devised which do not depart from the Scope of 
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the invention as disclosed herein. Accordingly, the Scope of 
the invention should be limited only by the attached claims. 
What is claimed is: 

1. A method for determining a performance of a drilling 
tool assembly, comprising: 

(a) generating a geometric model of the drilling tool 
assembly and a geometric well trajectory model of a 
earth formation; 

(b) simulating the drilling tool assembly drilling the earth 
formation; 

(c) determining the drilling tool assembly interaction with 
the earth formation; and 

(d) determining forces acting on a drill bit in the drilling 
tool assembly. 

2. The method of claim 1, wherein the determining the 
drilling tool assembly interaction with the earth formation is 
based on empirical data. 

3. The method of claim 1, further comprising graphically 
displaying at least one of the drill tool assembly interaction 
with the earth formation and the forces acing on the drill bit. 

4. The method of claim 3, further comprising adjusting a 
parameter of the drilling tool assembly based on the graphi 
cally displaying, and repeating the Simulating, the determin 
ing the drilling tool assembly interaction, and the determin 
ing the forces acting on the drill bit. 

5. The method of claim 1, wherein the drill bit is a fixed 
cutter drill bit. 

6. The method of claim 1, wherein the drill bit is a roller 
cone drill bit. 

7. The method of claim 1, wherein the drilling tool 
assembly comprises drill String Sections and a bottom-hole 
assembly. 

8. The method of claim 1, wherein the simulation is 
performed with a constant weight on bit or a constant rate of 
penetration. 

9. The method of claim 1, wherein the simulating com 
prises: 

(a) incrementally rotating the drill tool assembly in the 
earth formation; and 

(b) calculating an interference between the drilling tool 
assembly and the earth formation during the incremen 
tal rotation. 

10. The method of claim 9, wherein the calculating the 
interference between the drilling tool assembly and the earth 
formation comprises 

(a) determining interferences between cutting elements on 
the drill bit and the earth formation; and 

(b) determining forces acting on the cutting elements 
based on the determined interferences. 

11. The method of claim 10, wherein the determining the 
forces acting on the cutting elements comprises determining 
from a collection of cutter/formation interaction data result 
ing forces on the cutting elements during the incremental 
rotation. 

12. The method of claim 10, further comprising updating 
cuts from the earth formation based on the interferences 
between the cutting elements and the earth formation during 
the incremental rotation. 

13. The method of claim 12, further comprising repeating 
the Steps of the incrementally rotating, the calculating the 
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interferences between the cutting elements and the earth 
formation, the determining the forces acting on the cutting 
elements, and the updating the cuts from the earth formation, 
a number of times to determine the performance of the drill 
tool assembly during drilling. 

14. The method of claim 12, further comprising output 
ting a graphical representation of at least one Selected from 
the group consisting of a bottomhole profile of the earth 
formation, the drilling tool assembly, the drill bit, and the 
cutting elements. 

15. The method of claim 14, wherein the graphical 
representation comprises forces acting on at least one 
Selected from the group consisting of the cutting elements, 
the drill bit, and the drilling tool assembly. 

16. The method of claim 10, further comprising: 

calculating cutter wears based on the forces on the cutting 
elements, the interferences between the cutting ele 
ments and the earth formation, and a wear model; and 

modifying a shape of the cutters based on the calculated 
Cutter WearS. 

17. The method of claim 16, wherein the wear model 
comprises data in the collection of cutter/formation interac 
tion data that is reflective of wears on the cutting elements. 

18. The method of claim 11, wherein the collection of 
cutter/formation interaction data comprises data obtained 
from laboratory tests involving an engagement of a similar 
cutter Similar to one of the cutters on the bit and a similar 
formation Similar to Said earth formation represented as 
drilled. 

19. The method of claim 18, wherein the data is arranged 
in a database and forces corresponding to Said interference 
determined by retrieving data from a record in Said database 
having parameters of Said engagement most similar to 
parameters calculated for the interference. 

20. The method of claim 11, wherein the collection of 
cutter/formation interaction data comprises data obtained 
from a numerical model of the cutting interaction between a 
particular cutter and a particular formation, the numerical 
model developed to Specifically characterize the interaction 
between the particular cutter Similar to one of the cutters on 
the bit and the particular formation Similar to Said earth 
formation represented as drilled. 

21. A method for analyzing a drilling tool assembly 
design, comprising: 

calculating a response of the drilling tool assembly 
including a response of a drill bit disposed at one end 
of the drilling tool assembly; 

adjusting a value of at least one drilling tool assembly 
design parameter; and 

repeating the calculating. 
22. The method of claim 21, wherein the calculating 

comprises, 

Solving for the dynamic response of the drilling tool using 
a mechanics analysis model, and 

repeating Said Solving for a Select number of Successive 
incremental rotations. 

23. The method of claim 22, wherein said solving com 
prises, 
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constructing the mechanics analysis model of the drilling 
tool assembly using Selected drilling tool assembly 
design parameters, 

determining wellbore constraints from wellbore trajectory 
parameters, a Specified bottom hole geometry, and a 
Specified hook load, 

determining loads on the drilling tool assembly for a 
position of the drilling tool assembly in the wellbore 
using at least the mechanics analysis model and the 
wellbore constraints, and 

calculating the dynamic response of the drilling tool 
assembly under the loads using the mechanics analysis 
model. 

24. The method of claim 23, wherein said solving further 
comprises, 

redetermining the loads on the drilling tool assembly 
based on the calculated dynamic response to the incre 
mental rotation, 

repeating the calculating the dynamic response of the 
drilling tool assembly under the loads to the incremen 
tal rotation, and 

repeating the redetermining and the calculating until 
convergence of the dynamic response is determined. 

25. The method of claim 21, further comprising display 
ing graphical representation of the calculated response to a 
design engineer. 

26. The method of claim 25, wherein the adjusting the 
value of at least one drilling tool assembly design parameter 
is based on the displayed graphical representation. 

27. The method of claim 26, wherein the calculating, the 
adjusting, and the repeating are repeated until a drilling tool 
assembly performance parameter is optimized. 

28. The method of claim 21, wherein the calculating, the 
adjusting, and the repeating are repeated until a drilling tool 
assembly performance parameter is optimized. 

29. The method of claim 21, wherein the drill bit is a fixed 
cutter drill bit. 

30. The method of claim 21, wherein the drill bit is a roller 
cone drill bit. 

31. A method for determining at least one optimal drilling 
operating parameter for a drilling tool assembly that 
includes a drill bit disposed at one end, comprising: 
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calculating a dynamic response of the drilling tool assem 
bly; 

adjusting a value of at least one drilling operating param 
eter based on the dynamic response, and 

repeating the calculating and the adjusting until a drilling 
performance parameter is optimized. 

32. The method of claim 31, wherein the drilling perfor 
mance parameter is Selected from the group consisting of a 
rate of penetration, a rotary Speed, a weight on bit, a forces 
on bit, and a wear on bit. 

33. The method of 31, further comprising graphically 
displaying the calculated dynamic response. 

34. The method of claim 33, wherein the adjusting is 
based on the graphically displayed dynamic response. 

35. The method of claim 31, wherein the drill bit is a fixed 
cutter drill bit. 

36. The method of claim 31, wherein the drill bit is a roller 
cone drill bit. 

37. A method for designing a drilling tool assembly, 
having a drill bit disposed at one end, comprising: 

defining initial drilling tool assembly design parameters, 
calculating a dynamic response of the drilling tool assem 

bly; 
adjusting a value of a drilling tool assembly design 

parameter; and 
repeating the calculating and the adjusting until a drilling 

tool assembly performance parameter is optimized. 
38. The method of claim 37, wherein the drilling tool 

assembly design parameter comprises one Selected from the 
group consisting of drill String parameters, bottom-hole 
assembly parameters, and drill bit parameters. 

39. The method of claim 37, further comprising graphi 
cally displaying the calculated dynamic response. 

40. The method of 39, wherein the adjusting is based on 
the graphically displayed dynamic response. 

41. The method of claim 37, wherein the drill bit is a fixed 
cutter drill bit. 

42. The method of claim 37, wherein the drill bit is a roller 
cone drill bit. 

43. A drilling assembly designed using methods of claim 
1, 21, 31, or 37. 


